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THE EFFECT OF VIBRATION ON THE STRENCTH AND 
UNIFORMITY OF PAVEMENT CONCRETE 


BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS! 


Reported by F. H. JACKSON, Senior Engineer of Tests, and W. F. KELLERMANN, Associate Materials Engineer 


bration on pavement concrete were measured by 

comparing the strength and other properties of 
vibrated concrete with similar properties of a standard- 
finished base mix containing 6 sacks of cement per cubic 
yard of concrete and sufficient water to produce a slump 
of 2% inches. Two types of coarse aggregates—a typical 
river gravel and a typical limestone—and several forms 
of surface vibrating equipment were used, including vi- 


[ THIS INVESTIGATION the effects of surface vi- 


_ These tests indicated that vibration caused sufficient 
improvement in quality to warrant further studies in 
which improved types of vibratory equipment could be 
utilized. The present report discusses the results of 
these further tests, draws certain conclusions, and makes 
suggestions regarding the revision of current specifica- 
tions so as to make it possible to utilize to the best ad- 
vantage the equipment now available. The data also 
reveal some of the deficiencies in the present methods 


brating screeds and vibrat- 
ing pans resting directly 
on the concrete. 

In the vibrated concrete 
the proportions of the base 
mix were varied for the 
purpose of determining: 
(1) The saving in cost that 
might be possible through 
a reduction in cement con- 
tent while maintaining the 
water-cement ratio con- 
stant; and (2) the improve- 
ment in quality that could 
be effected by reducing the 
water-cement ratio while 
maintaining the cement 
content constant. 

The possibility of using 
high frequency vibration as 
an aid in placing pavement 
concrete was first investi- 
gated by the Bureau of 
Public Roads in 1931. 
The equipment used at 
that time consisted of a 
standard, double-screed 
finishing machine, with two 
electric vibrators mounted 
on the front screed and one 
on the rear screed. An ex- 
perimental concrete pave- 
ment, 9 feet wide and ap- 














CONCLUSIONS DRAWN FROM TEST 
RESULTS 


The data from these tests indicate that: 

1. For a given water-cement ratio a saving 
of approximately 10 percent in the amount of 
cement can be effected by the use of vibration 
without sacrificing strength and uniformity. 

2. For a given cement content an increase 
in flexural and compressive strength of ap- 
proximately 10 percent can be obtained by the 
use of vibration. 

3. With the methods of surface vibration in- 
vestigated the best results will be obtained 
with concrete having a consistency correspond- 
ing to a slump of approximately 1 inch. 

4. The uniformity of concrete having a slump 
of approximately 1 inch (that is, freedom from 
segregation, honeycombed areas, etc.) is mark- 
edly improved by surface vibration. 

5. The effect of surface vibration on strength 
and uniformity seems to be about the same for 
concrete containing gravel as coarse aggregate 
as for concrete containing crushed stone. 

6. The vibrating screed and the vibrating pan 
mounted independently of the screeds seem to 
be about equally effective in producing the re- 
sults enumerated in the above conclusions. 





of distributing concrete to 
the subgrade. Entirely 
apart from the question of 
vibration, the results indi- 
cate the great desirability 
of improvement in this 
regard. 

Results of tests on 270 
sections, each 8 feet long 
and 10 feet wide, are pre- 
sented and discussed in this 
report. These test sections 
formed the equivalent of a 
continuous pavement near- 
ly % mile long. In most 
cases the thickness was the 
same as that previously 
used (7inches). However, 
slabs 10 inches thick were 
cast in a few instances for 
purposes of comparison. 
The width was changed 
from the 9 feet previously 
used to 10 feet in order to 
permit taking 5 slabs each 
24 inches wide from each 
test section instead of 4 
slabs each 27 inches wide. 
Two coarse aggregates, a 
typical river gravel and a 
typical crushed stone, were 
used. Four different types 
of vibrating equipment, 


including all of the types commercially available at the 


proximately 1,000 feet long, was constructed at 
Arlington, Va. This pavement consisted of a series of 
sections, each 9 feet long, with means provided for 
obtaining large-size test slabs from each section. It was 
felt that the true effect of this method of placing and 
finishing concrete pavements could only be determined 
by the construction of full-size sections, using regulation 
contractors’ equipment. The results of these studies, 
including a full description of the procedure, have been 
published.” 


1 Acknowledgment is made to the following companies, which loaned equipment 
used in these tests: F 
Jaeger Machine Co., Columbus, Ohio. 
pe en Pag evurens ae 4 
ily Vibrator Co., iladelphia, Pa. 
2 Tie Litoot of Vibration and Haaved Finishing on Pavement Slabs, by F. H. Jack- 
son and W. F. Kellermann. PuBLIC Roaps, vol. 14, no. 8, October 1933. 
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time, were investigated, using paving mixtures varying 
considerably in harshness and consistency. The con- 
struction, curing, and test procedures followed, in 
general, those previously employed and will not be 
described in detail, except where necessary to describe 
a change from previous practice. 

FOUR TYPES OF VIBRATING EQUIPMENT STUDIED 


A single lot of portland cement meeting the usual 
requirements was used throughout the work. The 
cement came from one bin and was all shipped at one 
time. The shipment was made under the supervision 
of an inspector representing the National Bureau of 
Standards. The fine aggregate was Potomac River 
sand having a fineness modulus of approximately 3.0. 


25 











Forms IN PLACE AND SUBGRADE PREPARED, READY FOR CoNn- 
CRETE To Br Depositep For A 10-IncH Test SEcTION. 


The coarse aggregates were Potomac River gravel and 
a crushed stone from Riverton, Virginia. They were 
used in approximately equal amounts and were handled 
in two separated sizes, 2-inch to l-inch, and 1-inch to 
No. 4. The two sizes were combined in each batch in 
the proportion of 60 percent of the larger to 40 percent 
of the smaller size. The grading and physical charac- 
teristics of the aggregates are shown in table 1. 

The major portion of the work was confined to a study 
of two well-known mechanical finishing machines, 
equipped in each case to operate either with or without 
vibration. Machine A, used on 144 sections, was of the 
type studied in the 1931 tests, except that a wider and 
heavier front screed was used. The type of finisher 
represented by machine B, used on 106 sections, had 
not been equipped with a vibrating mechanism at the 
time the earlier tests were run. Two other devices 
submitted for demonstration purposes were used on the 
remaining 20 sections. <A brief description of each 
machine follows. 


TABLE 1.—Properties of aggregates used in experimental concrete 








sections 
Coarse aggregate 
Fine 
aggre- tte 
gate “ rushe 
Gravel Rearicl 
PHYSICAL PROPERTIES 
Bulk specificigravitye-se=ssccenacee een e ss = eee cus eee 2. 56 PE 2076 
A DSOTPUION cs ceae ceo Sone eee eee eee percent - 1. 40 1.14 32 
Weight per cubic foot (dry-rodded) --------__-- pounds_-_ 110 109 103 
Voids ia 254. to Poe eee cen eee sae ae percent__ 31 32 40 
Weeari(Deval) 5222 ee eee ee oe does |S aaa 8.4 3.4 
SIEVE ANALYSES 
Retained on— 
14-inch sieve 25 18 
34-inch sieve 64 71 
3€-inch sieve__ 87 92 
No. 4 sieve 98 99 
No. 8 sieve 100 100 
No. 14 sieve 100 100 
No. 28 sieve 100 100 
No, 48 sieve : 100 100 
No. 100 sieve Bh es 100 100 
Fineness modulus : 7. 74 7. 80 








Macbine A was a mechanical finishing machine 
equipped with two tilting screeds. Power for operating 
the screeds and for driving the machine was furnished 
by a gasoline engine mounted on the finisher. The 
regular front screed was replaced by an 18-inch bull- 
nose screed. ‘Two electric vibrators were mounted on 
the front screed and one on the rear screed. They were 
driven at a speed of 4,000 r. p. m. by a portable gas- 
electric generator set mounted on the finisher. The 
normal forward speed of the machine was 8 feet per 
minute. 
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APPEARANCE OF A 7-INcH TeEstT Section AFTER First BatcH 
oF ConcRETE Has BEEN STRUCK Orr AND AFTER INSTALLA- 
TION OF WOODEN SEPARATORS. 


Except for the fact that the screeds were vibrated, 
this machine was operated in most cases in the usual 
way, that is, two complete passes over the concrete. 

Machine B was an all-electric mechanical finishing 
machine equipped with two screeds and a vibrating pan 
mounted between them. The vibrating pan was shaped 
like a trough and made contact with the concrete for 
practically the full width of the pavement. It was ad- 
justable so that it could be raised clear of the concrete 
or could be lowered into the concrete a predetermined 
depth. It was equipped with two electric vibrators of 
adjustable amplitude operating at 3,600 r. p.m. There 
were no vibrators on the screeds. Power for running 
the machine, operating the screeds, and running the 
vibrators was supplied by a gas-electric unit mounted 
on the finisher. 

The concrete was struck off approximately one-fourth 
inch high by the front screed and compacted with the 
vibrator. The vibrating pan was submerged in the 
concrete to the extent that its lower edge was about 
one-fourth inch below the elevation of the top of the 
side forms. In most cases the vibrator was operated 
during the backward pass of the finisher as well as 
during the forward pass. By running the vibrator 
during the backward pass, a ridge of mortar was left at 
the beginning of the section which materially aided in 
the finishing operations. The height above the forms 
to which the concrete was struck varied with the con- 
sistency and harshness of the mix. The objective 
sought was to have sufficient surplus concrete so that, 
after vibrating, the surface would be at grade. For the 
second and subsequent passes the machine was operated 
in the usual way without vibration. 

Machine C was not a regular finisbing machine but 
rather a single, hand-operated screed with two vibrators 
attached. It consisted of a 4-inch wooden piank 15 
inches wide, shod with sheet steel, and approximately 
12 feet long. Handles were provided at both ends for 
manipulation. This device was vibrated at a frequency 
of 3,800 r. p. m. by means of a small gasoline engine 
attached to the screed. 


The concrete was leveled off about 2 inches high by 
shovels and a pass made with the vibratory screed, the 
screed being pushed ahead by finishing machine A. 
The vibrating screed was moved ahead and the pave- 
ment finished by machine A except that the bull-nose 
front screed was replaced by the regular 12-inch screed. 
The 12-inch screed weighed approximately 450 pounds 
less than the bull-nose screed with vibrators. 


Machine D consisted of a two-wheel steel carriage, 
to which was attached a steel trough 12 inches wide, 
mounted at right angles to the axis of the pavement. 
The trough could be lowered into the concrete a pre- 
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Buut-Noszt Front ScREED ON FinisH1nc MacHinge A. Uppir, Front Vinw; Lower, Rear VIEW. 


determined depth in a manner similar to the operation 
of the vibrator on machine B. Vibrations were im- 
parted to the trough by means of a 3\-inch steel tube 
revolving at a speed of approximately 3,800 r.p.m. 
The tube was mounted eccentrically on a shaft which 
was attached directly to the trough by suitable bearings. 
The eccentricity of the tube could be varied, resulting 
in varying amplitude of vibration. Power was supplied 
directly to the shaft from a gasoline engine mounted on 
the carriage through a \V-belt drive. The machine 
was attached to the rear of finishing machine A. 

The concrete was struck off approximately three- 
fourths inch high by machine A operating with a flat 
front screed. ‘This was followed by one pass with the 
vibrating pan, the general procedure being the same as 
with machine B except that in no case was the vibrator 


operated on the backward pass. ‘The final finish was 
obtained by making one or two passes with finishing 
machine A without vibration. 

Table 2 shows the order in which the vibrators were 
used as well as the procedure followed for each group 
of sections. It will be observed that only machine A 
was used in series A. Machines A and B were used 
in series B, and machines C and D were used in series C, 


SEVERAL DIFFERENT CONCRETE MIXES USED IN SLABS 


As in the previous tests, the effect of vibration was 
measured by comparing the strength and other proper- 
ties of the vibrated concrete with similar properties 
of a standard-finished paving mix having a cement 
content of 6 sacks per cubic yard, and containing suffi- 
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FINISHING MacHINE D, SHOWING THE PAN VIBRATOR. 




































































series B and C called for a workability factor of 0.73, 
with sand-cement ratios of 2.24 for gravel and 2.67 
for stone. (Explanations of symbols 6/b,, a/c, ete. 
- ® oO) ) y 
are given in the footnote to table 3.) 
TABLE 2.—Type and operation of vibrating equipment 
SERIES A—MACHINE A 
Section no. F eee ues ean m Operation of finishing machine 
1-6 oeeeoee 2 oe sees See eats Grayvel____| Both screeds vibrating; 2 passes. 
7- Me AUR jot Ree Ay Sone NSPE eg YN kn g fa eet ae + 7 . i 
FrnisHina Macuinr B. Upprr, Front Vinw; Lowmr, SpE ieee aaa ane set [ue Brout citer only viDreine bea. 
View, SHOWING MovunTING OF VIBRATING PAN. 1A 12 ae eee dd te Both screeds vibrating; 2 passes. | 
WB) eae 12 ee eee bea Onseaeee Do. 
SSO ae 1 fh, i aos ai Stone_---- Do. 
BLD a 12S WE a Cie iva doa Do. 
SERIES B—MACHINE A 
63-40 Soe 6-11, inclusive_-___- Stone-___- Both screeds vibrating; 2 passes. 
50-06 aeaeoee eee do. eae dO see Do 
SY G08 yee elon GOe ase ae ee OTA Vel sees Do. 
64=704-8-.-- [hans doz Se Omer we Do. 
IAP te a 6-13, inclusive_---- Stone---_- Do 
183-189__..- 6-11, inclusive_-_.-- Gravel. _-_- Do. 
190=196222 54 |220e= COs ee ae eed Opeeeaae Do. 
197-202. ..- 6-12, inclusive-_2-=|_---dos---22- Do. 
203-208 1 6-9, inclusive_.___- 0 -=e eee Do. 
209-214. .___ 6-12, inclusive___-_- ads seeeee Do. 
Db = 220 Sees lee hs Se we .--do_...._.__| Front screed only vibrating; 2 passes. 
221=926 55222 6-11, inelusive.._.. .--do.......| Both screeds vibrating; 2 passes. 
PY DRI eo 6-13, inclusive .___. Stone-_____ Do. 
DEE OB tials | (Oe Sep ee de ee dos Front screed only vibrating; 2 passes. 
239-244_.__. 6-11, inclusive..__- S00. eee Both screeds vibrating; 2 passes. 
245-250 1___.| 6-9, inclusive.._---|... doe Do. 
SERIES B—MACHINE B 
7 SY (a ers pe a Gravel_-_.-| Pan vibrating forward only; 1 pass. 
hla ed cc aoe ce noe ee ee doses Do. 
838-88 2 8es le | eben ses eee dos Do. 
80-04. Scene aenuteenadanscoseee Stone_-._- Do. 
95-100 1____- 6-9, inclusive_.__-.|__- dos sees Pan vibrating forward and back. 
FinisHinG Macuine C-——-A Hanp-OpERATED ScCREED VIBRATED | 101-1061__-|_.-do..-.-.--_22-- Gravel __.- Do. 
BY MEANS OF THE SMALL GASOLINE ENGINE SHOWN. 107-112... -- 6-11, inclusive..---|--- do_.----- Do. 
Gh ee ln Oke eee eee 0a Do. 
120=1 2652 ee | soca (6 Koa SP ae) BSN does Do. 
é : 5 12782 oe | ae domes See ee eee doses. Do. 
cient water to give a slump of about 2% inches. In | 133-138__-.-|-.-.. 0 ee erate ae donee Do. 
: : : : Le : Sey 189-144 — -2= 6-11, inclusive, 13..| Stone----- Do. 
the following discussion this will be referred to as the | 145-150-2777]. GG: coe eae dose Do. 
? ae wens ”? ante ya lo ene eal raat spe ae he ae 8 Neu dose Pan vibrating forward only; 1 pass. 
standar d or ‘“‘base mix, g ‘ . 157-1622 - = - 6-11, inclusive_-___|__- do. Pan vibrating forward and back. 
For the first 42 sections, constituting series A, the 163-169....-|..--. | ee a donn---- Do. 
proportions of the base mix were designed to give a eae a 3 aba Sie rs : 
workability factor (b/b,) of approximately 0.76 (dry IR Sy 
and rodded) for both gravel and stone. Corresponding ; ¥ 
values for the sand-cement ratios (a/c) by absolute ey, os MG 
: 20264. 5 5.5 dose oeemee eee canes) LONG. see achin : ass, 
volume were 2.10 for gravel and 2.53 for stone. This | 955-95377777 tail a sae eal 40. te Do ee 
mix proved somewhat harsh for standard finishing, | 3026*-...- eee a re Ce Seah D eae 
necessitating a slight increase in the amount of sand. 
The revised proportions for the base mix as used in 





1 Depth of section was 10 inches. 
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TABLE 3.—Data on mizes ! TaBLE 3.— Data on mixes—Continued 
Sec- .4| Propor- Ce- Sec- oil ae s Ce- 
A Date laid) ;. Coarse -| ment ‘A Date laid} *~TOpor Cc 

tion tions b m | oarse la | ment 

me (1934) ealcnt aggregate Slump | W/C| a/c | b/bo | M/¥ fac pen (1934) does by pgercests Slump | W/C| a/e | b/bo | M/T fae 

or 
| Sacks | Sacks 

per | | per 

cubic cubic 

Pounds Tnches yar Pounds Inches yard 
1-S.__.-| June 26 | 94:165:371 | Gravel__- 2.9 | 0568-1 2510 |) 0. 75: | 2:02 6.0 91-V___| July 31 | 94:209:340 | Stone_.___ We2) |) O03: || 260 10: 73 1, 92 6.0 
Pete eee 2) eee Le ee ee O42) 60200 Nee GOn sas = 1.6 miG2 4) Jad .76 | 1.96 6.1 2 Viola Onc as||) 0452007301 don ees LG Pea Vane aC | Mee ge a Fee (0) 5.6 
Sa Visea p= 0.8. ~~ G4165237ls|o-edOrss- 1.6 . 61 | 2.10 - 76 | 1.95 6.1 93-V...|.--do__.- G4 20034)% a2 OL oee, al 7 2. 67 -81 | 1.60 5. 4 
Veen eee Oe a5) 0421652425: |5-*d0- ee 2.2 . 68 | 2.10 WOO Webco 5.6 04 Veesl 2 d0nse 94:209:443 |__.do_____. Ful .79 | 2.67 Oo. || decpw 5. 2 
= Vien ee OL s- 9451653402012 7200p ine . 68 | 2.10 . 83 | 1.66 5.4 Q0-Sees) PAUZ aL 2 94-209'340) ead Ons ee 3.0 . 84 | 2. 67 Say A ea 5.8 
G=Vieeen een O se... 04:°165:480) |__-do__--_- 1.5 .68 | 2.10 . 85 | 1. 56 5.2 96-5 alee 0E a 94:209:340 |_..do__-_._ 13 ete | ee Or nto} doe 6.0 
Seen ylnen 27) 943165:371 |u-adO.2.._ = 3.0 . 68 | 2.10 ata eee 6.0 97-V___-|_..do_--..] 94:209:340 |_..do_____- 1, 2 .74 | 2.67 edo | L Oe 6.0 
S-Sseeeies do.s_.2 Oa 16520 (leased Ouse 1.3 59 | 2.10 77 | 1.94 Ge1 98=Vizale_ done. 94:209:391 |_..do_____- 2.1 . 84 | 2. 67 Peat gid Bie 5.5 
OR Veen ee d0scc 2. O43 1655371 |--- dol 2 1.2 . 59 | 2.10 Sit 1.04 6.1 99 Vie ates dGa 94:209:417 |_._do_____ 2.0 oe |) 2. 67 .80 | 1.63 5.3 
L0Veee|. 2 0.2. O42 1602425 tine 1022 see 2.5 . 68 | 2.10 .80 | 1.76 5.6 100-V-2||__ dos. -- 94:209:443 |__.do_____-_ inl . 84 | 2. 67 «2 |) 1,53 5. 2 
JIS Vewto does. < 94:165:452 |_..do_____- 2.1 . 68 | 2.10 . 83 | 1. 66 5.4 101-S__| Aug. 2__| 94:176:354 | Gravel__- 2.4 ete | 224 iz | 2,22 6.0 
12 =Veestia G0ne... 941655480) |_--do_----- 1.8 .68 | 2.10 .85 | 1.56 6.2 102—=pem| ee dees OF 762304 > Cc dobcoaee 1.0 - 63 | 2, 24 to Nl ae de 6.1 
13-S-.-| July 5 | 94:165:371 |_.-do._-..- 2.4 AAO) BAK) .75 | 2.04 5.9 108=Via|2 doz. 94:176:354 |_..do_____- 1.0 .63 | 2.24 ~ do | aa to 6.1 
14-S 2 |b d0...- = OF 100200 Lae 0eeceee 1 . 63 | 2.10 evict ||) Ma ey 6.0 LOA Veale does 94:176:409 |_..do_____. 1.9 7 2. 24 nei |} LOS, 5.5 
Ls Vee eee Oss ee Beis yal ee oko se 1.0 .63 | 2.10 BON ede Ov 6.0 105-V._|_..do___-.. OF 1762436 | =-s0O2 2 == 1.5 7 2. 24 -20 | 1.80 5.4 
16-Veo|s-- 002 = 94:165:425 }__.do__... 1.5 ZO) Noe LO SOM de. 2 5 106—Veae donee: 94:176:463 |...do_-___. sal ate | 2,24 .82 | 1.70 5.2 
i= Viewer Oi a OA NGbs402 0 oo Onsen 1.2 wef aeoe lO) a2) 12.60 6.3 1O7-“Seai Ages. =) 9490762364 dor sse 2.6 7 2. 24 Bah || ee 2 6.0 
1a Vee Ose, 04°1.659480) | a2don 2. 22 .8 .70 | 2.10 ~84 | 1.57 5.2 OSS S=5 | SoalOnse =e 94717762354 || 2 2G0L--- = a tap ~ Ol) 2524 ta Nee 6.1 
19-Ssea July © 6 | O4:165°371 |2-.do_ 2. 20 =k | 2.10 75 | 2.05 5.9 109—Visi._-doi- 2.” OF 1762304. esd Oscesse 1.9 OLe aroree eA 2 12 6.1 
20-0 eee eee Ome O04: 165:3710 2a don sues TEZ8 || Gel] PaO Gail] sees) 6x04) 10> Vis Se douzee: 94°176:409"| __-do--=-2- 1.8 70) 2.24) i 77 |" 191 5.6 
2 Vee ee Omen 947165 Silla don seee 1.4 .65 | 2.10 76 | 1.99 6.0 Int Vie eee nee ae 94:176:436 |_..do_____- 1.4 7 2. 24 .80 | 1.78 5.4 
Zi Nie eee One =|) 04=165:4201|2-- dO. eee 1.8 Ee | PEAY) .80 | 1.7 5.6 WQS Vese-sdOseees | 94276-4638; |e doe ene 1.0 ad 2. 24 .82 | 1.68 5.2 
23 Views we dOe ses 94°'165:452) |f-- don se ee daly 2s 10: . 82 | 1.68 53 LSS Sa PATI 65 2/94 762804 Ie 2dos anes 2.2 wtO feo 24 ote | Qe 28 6.0 
a Veonee d0ees-|.94-165:54801 2 - do... .8 (fill |) DSi) . 84 | 1.58 Daw Lita See Ooo 94:176:354 |__.do_____- 1.2 . 64 | 2.24 .73 | 2.14 6.1 
Zope OL eeonleO4 1O0sG71 Een dOn ses Dae .68 | 2.10 75 | 2.02 6.0 TiS —Vere=d Ome OF 762804 |e 2d Oo es, 1.0 . 64 | 2.24 73 | 2,14 6.1 
2 = Seee eee Onna 04 165871 ja d0e a5! 1.2 ~ 62 || 2.10 .76 | 1.96 6.1 LG = Ves ed Obe= 2°94: 16382370 seed Ose seem 1.4 . 67 | 2.08 .76 | 1.98 6.0 
Zi Nee eee Ona ea| 94160: 371 22 d0s_-— 1.4 .62 | 2.10 On| D968) 6.1 d= Vea ees dO seens|047165231760| 250 One nee .9 . 63 | 2.08 .77 | 1.95 6.0 
25 Vereen Ons se) 94165425 12 d0sese= 1.5 .68 | 2.10 eoOni ele eG 5.6 LiS=Vese dose - 9421462392) |-- dou lae_ 1.2 O20 Less) i SSOUit 7 6.0 
20 Vieenee nd One 40471652452) | don. -2 1.2 .68 | 2.10 ate GE 5.4 19S Vee Reed ones 94:146:392 |__.do___-__ 8) . 64 | 1.88 .80 | 1.78 6.0 
80 =Viecsae2 002221 94: 165:480) |__ dor. 2 .9 268) |).26 L0 .85 | 1.56 iP) 120=See|PAUea |, OGL Oso04 ee =d0esaaes 3.0 .76 | 2.24 Pill Nera 6) 5.9 
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TABLE 3.—Data on mixes—Continued 
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Sec- : Propor- : 
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Sacks 

per 

cubic 

Pounds Inches yard 
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239-S__| Sept. 6._} 94:209:340 |__.do___._- 2.9 214} 2.67 ies Wf gee 6.0 
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246-V__|__.do__.__| 94:209:340 IS f Seen ates} | a6) 6.0 
247-S __|___ | 94: 209:340 & 1 SAE N PAE 0 (ii) ook 5.9 
248-V __|___ 94:209:391 2.6 ATE I PAE AY IE HE Ge) 5.6 
249-V __|--- 94:209:417 1.8 BEE Nar BUYe rates lal fe 8 USf534) 5.4 
250-V -_|- 94:209:443 |__. 1.8 wd oaeOu . 83 | 1.49 One, 
251-S __ 94:209:340 |__- 2.6 346 | 2c .73 | 1.94 5.9 
252-S __|_ | 94:209:340 |-___ all 69 | 2.67 74 | 1.89 6.0 
253-Veolese donee | 94:209:340 |- 1.0 69 | 2.67 .74 | 1.89 6.0 
254-V__|_--do_.__-_ 94;209:443 |_ 1,2 . 76 | 2. 67 . 84 | 1.49 5.3 
255-S __| Sept. 20_| 94:209:340 |- BAG 44 | 2.67 sto. || 192 6.0 
256-S__|_-.do___._ 94; 209:340 ei . 68 | 2.67 74 | 1.88 6.1 
257-V __|.--do_____ 94: 209:340 1.2 .68 | 2,67 . 74 | 1.88 Gink 
258-V__|_..do.____ 94:209:443 |_ .8 Ck} 2.67 . 84 | 1.48 5.3 
259-S__| Sept. 24_| 94:209:340 |__.do______ 2.8 ATS PALS 73 | 1.98 6.0 
260-Ses}saed 0-2 = 94:2097340' |S =d on. -2 =) 1.4 . 67 | 2.67 74 | 1.87 6.1 
201=Vil ae Oceaee 04::2002340) |-22d0L.-.-- 1.6 oan ler Ys BE EM) AUstey A 6.1 
262-V_.|_..do__..- 04:209:391 |---do___. 2.0 » th | 2.67 eat ell ess 5.6 
ZOasVeslsseG0e. 94:209:417 |...do_..._- Mee a0 2, OF 82 | 1.54 5.5 
264-V__|_..do_____ 94:209:443 |_..do__.___ .8 -69 | 2.67 85 | 1.45 5.3: 
265-S__| Sept. 25_| 94:209:340 |-..do_____- 1.6 OPEN PPA 73 | 1.91 6.0 
266-S __|...do____- 9492095340 sea 0m sae 2.3 ALA MN CPG? Te) jaado 6.0 
207—V -- lea dOseee2 | 94:200:340 |_..do_.___- 1.6 dz) |) 2.67 73 | 1.91 6.0 
208=V ie. 00. 19042200 s30 eed Osea 1.6 75 | 2.67 79 | 1.68 5. 6 
269-V_..|_ 22002... 04° 2008477 [kad Os,.0e= 1.4 ~75 | 2.67 cast syd 5.4 
270-V ..|_..do_....| 94:209:443 |.-.do.__._-_ -8 AUAay || PA AYE 84 | 1 48 6.3 























In designating variations of the base mix for vibra- 
tion, the possibility of effecting economies through 
cement saving was considered as well as the question of 
improving quality. In order to obtain the comparisons 
desired, the base mix was varied in three different ways. 
In one variation coarse aggregate only was added to the 
base mix, the water-cement ratio and the sand-cement 
ratio remaining constant. This resulted in reducing the 
cement content and slump in proportion to the amount 
of coarse aggregate added. In another variation the 
quantities of both fine and coarse aggregate were in- 
creased, the water-cement ratio remaining constant and 


the cement content and slump being still further re- 
duced. In the third variation the cement content was 
held constant and the water-cement and sand-cement 
ratios reduced. The mix characteristics of each section 
as well as the date laid and the method of finishing are 
shown in table 3. 

Referring to table 3, it will be noted that either six or 
seven sections were constructed during each day’s run. 
The first three included: (1) The base mix, standard 
finish, at approximately 2'-inch slump; (2) the base 
mix, standard finish, reduced to about 1-inch slump by 
lowering the water-cement ratio; and (3) the same mix 
as (2) except that the concrete was vibrated. The pro- 
portions used in the balance of the sections in each day’s 
run were variations of the base mix as indicated in 
table 3. Allof these were vibrated. It will be observed 
that the base mix, standard finish, in terms of which all 
of the other sections were rated, was repeated each day. 
In this way it was possible to eliminate entirely from the 
comparisons the effect of differences in quality resulting 
from variable weather conditions during the progress of 
the work. It is believed that this procedure, although 
it added considerably to the volume of the work, ma- 
terially increased its value. 

Departing from the practice formerly employed, the 
concrete was deposited in two layers in a manner 
similar to that used when mesh reinforcing is to be 
installed. The longitudinal wooden separators were 
placed in position after the first batch was deposited 
and spread to approximately one-half the depth of the 
section. The second batch was then deposited and 
spread in the usual way. In series A each bucket was 
dumped by moving it laterally across the end of the 
section farthest from the mixer. The concrete was 
spread with the finishing machine, using a special 
strike-off for the first layer. 

This method of dumping the concrete was criticized 
as not being comparable to the usual field practice. 
Consequently, in series B and C, this part of the pro- 
cedure was changed by dumping each batch in the 
center of the section at the end farthest from the 
mixer and using the bucket to spread the concrete 
toward the mixer. This spread the concrete to a 
width of approximately 6 feet and was followed by 
hand shoveling both ways to the forms and with 
final strike-off by the machine. Figure 1 illustrates the 
method of depositing the batch used in series A and in 
series B and C. 


STRENGTH AND HONEYCOMBING OF CONCRETE SLABS MEASURED 


_ All of the 7-inch slabs were tested in the field as 
simple beams with the load applied at the third points 
of a 54-inch span. Details regarding the apparatus 
and methods used will be found in earlier reports on 
the subject.2* The 10-inch slabs were brought to the 
laboratory and tested in a 200,000-pound universal 
testing machine, the required breaking loads being 
beyond the capacity of the field apparatus. Insofar as 
the span length and point of application of load were 
concerned, the same procedure was followed as was 
used with the 7-inch specimens. All flexure specimens 
were approximately 94 months old when tested. 

Five cores, 6 inches in diameter, were drilled from 
each test section, three for density and absorption tests 
and two for crushing strength tests. Specimens tested 
for density were drilled from slabs 1, 3, and 5. (See 


?The Effect of Vibration and Delayed Finishing on Pavement Slabs. PuBLic 
ROADs, vol. 14, no. 8, October 1933. 

§ Studies of Paving Concrete, by F. H. Jackson and W. F. Kellerman. PvuBLIc 
Roaps, vol. 12, no. 6, August 1931. 
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Figure 1.—Sxetcu SHowine How Concrete Was DEPOSITED 
ON SUBGRADE BY MrxER DiscHARGE BUCKET. 


fig. 1.) In the case of the cores for strength tests, one 
was drilled from slab 3 and one was drilled from either 
slab-1 or 5. This was done so that concrete from the 
center and both sides of the test section would be 
represented. All cores were drilled from broken slabs, 
care being taken to select concrete free from honeycomb. 
Absorption values were computed on the basis of 5 
hours’ immersion in boiling water. Compression and 
absorption tests were made when the specimens were 
approximately 14 months old. aR 

The results of the flexure tests on the individual 
24-inch slabs are given in table 4, which shows also the 
percentage of variation of each value from the average 
for the section as well as the average variation for the 
section. 

The percentages of honeycomb in the bottom sur- 
face and at the cross-section where failure in flexure 
occurred are given for each test slab in table 5. In 
general, the same procedure was used for measuring 
the amount of honeycomb as was employed in the 
earlier work.2 For the purpose of determining the 
rating of each section, an average of the 10 determina- 
tions, 5 on the bottom and 5 at the break, was 
obtained. These are the values which are indicated 
in the various charts. ates de 

Figures 2 to 5, inclusive, illustrate the distribution 
of honeycomb on the bottom surface of typical sections 
(series B) representing concrete of medium versus dry 
consistency, and standard finish versus vibrated. 


2'The Effect of Vibration and Delayed Finishing on Pavement Slabs. PUBLIC 
Roaps, vol. 14, no. 8, October 1933. 
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TABLE 4.—I ndividual slab strength and uniformity 


Modulus of rupture of slab no.— 


Variation from average 





Aver- 

1 2 3 4 5 age 1 2 
Lb. | Db. | Db. | Lb. | Lb. | Dob. 

per | per | per | per | per | per | Per-| Per- 
8q. in.|sg. in.|sq. in.|sq. in.|sq. in.|sq. in.| cent | cent 
698 721 703 739 675 707 1.3 2.0 
749 761 674 652 650 695 7.8 8. 
676 671 703 659 703 682 .9 itt 
628 | 607 | 637 | 687] 708| 643} 2.3] 5. 
669 712 677 723 701 696 3.9 2. 
623 615 635 674 664 642 3.0 4. 
694 769 726 574 662 685 L33|) TR 
658 752 667 684 678 688 4.4 9. 
729 | 750 | 701 | 704/] 672) 711] 25] 5. 
625 | 738 | 687] 643 | 672| 673] 7.1] 9. 
GO03 G00 8} sae cee ae see. 1674 | 3.6] 3. 
ee 644 627 | 2 486 638 | 1599 |______] 7. 
634 726 636 700 618 663 4.4 9. 
558 | 2 648 670 762 636 655 | 14.8 LS 
515 | 604 | 660] 733 |2456| 594 | 13.3] 1. 
577 | 676 | 652 | 671 | 657 | 647/|10.8| 4. 
O04) Rees 685 709 GOGaL GOL LO, bu sees 
2467 | 2 617 610 698 581 575 | 18.8 | 10. 
2 §92 687 687 592 | 2721 | 656 9.8 4. 
586 678 628 682 611 637 8.0 6. 
700 | 2 670 | 2 656 698 | 2 680 681 2.8 1 
721 678 723 648 706 695 3.7 2. 
667 710 685 693 707 692 3.6 2. 
610 667 639 696 669 656 7.0 ith 
664 615 703 700 747 686 3,2 | 10; 
547 565 691 643 566 602 91 6. 
737 832 778 753 652 750 tet kOe 
722 724 721 742 652 712 1.4 i: 
687 699 748 750 693 715 3.9 2. 
663 709 683 797 709 712 6.9 : 
833 890 836 910 936 881 5.4 if 
851 821 859 997 902 886 3.9 if 
968 972 976 1,028 /1, 045 998 3.0 2. 
857 851 890 950 871 884 3.1 3. 
804 830 | 2 905 843 957 | 868 7.4 4, 
799 785 830 913 935 852 6,2 te 
787 747 717 942 986 836 5.9 | 10. 
848 | 875 | 799 |.-___- 984 | 1876) 3.2 4 
997 985 979 996 986 989 .8 : 
961 896 sn es 1,043 | 1 952 “kt 5. 
851 818 811 754 |1, 008 848 .3 3. 
678 774 796 869 871 798 | 15.0 3. 
897 869 896 903 916 896 ul 3 
964 | 946 | 924 |..___. 838 |1918 | 5.0] 3. 
845 865 945 914 921 898 5.9 3. 
790 862 921 902 958 887 | 10.9 2 
960 | 974] 832} 940) 931 | 927) 3.6] 5. 
920 909 |1, 037 889 898 931 V2) 2 
O7FGulzee see 986 974 957 | 1973 I ea 
896 925 862 888 899 894 +2 3.5 
927 932 908 S865] Seer ee 1913 1.5 2.1 
952 745 965 991 928 916 3.9 | 18.7 
929 990 |1, 001 945 |1, 002 973 4.5 eu 
1, 048 745 |1,024 897 890. 921 | 18.8 | 19.1 
913 739 985 896 892 885 3.2 | 16.5 
TIO mL, OOS) aaa 857 850 | 1877 8.9 | 14.4 
679 O47) fees see 720 643 |1672 | 1.0 3.7 
COON TO9N mar Same MDialn Voda Zoe) Vkaee Gad 
726 892 768 751 715 770 5.8 | 15.8 
780 801 751 756 735 765 2.0 4.7 
691 | 642 | 780 | 694] 647] 691} 0 Tal 
704 679 701 710 697 698 9 2.7 
669 722 798 745 733 733 8.7 1.5 
2720 735 741 714 719 726 .8 1,2 
746} 765 | 737 | 704} 773 | 745 SLE oir 
758 769 782 777 729 763 EK .8 
753 768 718 755 737 746 9 3.0 
756 731 795 | 2778 709 754) 13 3.0 
791 694 753 781 762 756 4.6 8.2 
712 677 712 683 724 702 1.4 3.6 
662 635 716 689 670 | 674 1.8 5.8 
699 745 731 728 698 720 2.9 3.5 
645 | 715 | 763 | 733) 632) 698) 7.6) 2.4 
658 636 656 666 676 658 0 3.3 
641 717 715 691 | 2? 571 667 3.9 7.5 
619 | 690} 702} 702} 626) 668! 7.3} 3.3 
691 717 776 679 652 703 Leal 2.0 
643 774 718 702 651 698 7.9 | 10.9 
2 664 745 796 715 640 712 6.7 4.6 
637 700 645 658 670 662 3.8 5a7 
640 759 679 727 661 693 7.6 9.5 
647 715 701 678 636 675 4,1 5.9 
654 668 639 675 687 665 ee ra 
718 | 740 | 7388 | 736 |2788 | 734 | 2.2 .8 
585 761 725 724 709 701 | 16.5 8.6 
650 677 667 713 655 672 3.3 pyA 
598 606 614 615 613 609 1.8 5 
581 | 688 | 690} 640] 595; 639 | 9.1] 7.7 
792 TOD, lence 852 781 |} 794 Ani 5.3 
756 879 | *877 845 729 817 7.5 7.6 
813 | 817] 813 | 808 | 809/| 812 wd .6 
799 760 798 759 720 767 4.2 mo 
722 901 873 811 764 814 | 11.3 | 10.7 
717 777 831 834 744 781 8.2 Adie 
673 659 689 669 707 679 .9 2.9 
588 785 899 718 | 2? 578 714 | 17.6 9.9 
680 | 810} 848 | 840; 660] 768/11.5| 5.5 
WOZEIS 712)! 780 Veviael G8ae Tod's 44) 27 
































1 Average of less than 5 values. 


3 Broke outside middle third. 
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TaBLE 4.—I ndividual slab strength and uniformity—Continued 





Sec- 
tion 
no. 


99 


101 

102 

103 

104 

105 
106 
107 
108 
109 
110 
111 

112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 


Modulus of rupture of slab no.— 





151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 


892 
866 


924 
820 
744 





180 
181 
182 
183 
184 
185 
186 
187 


189 
190 
191 
192 
193 
194 
195 
196 
197 ' 





873 
951 
964 
954 
893 
831 
666 
875 
925 
849 
751 
705 
560 
700 
692 
742 
709 


692 
620 
741 
753 
705 
731 
663 
663 








Lb. 
per 
sq. in. 
750 
761 
568 
585 
648 
641 
616 
614 
626 





705 
725 
683 
707 
663 
694 
731 
730 
660 
578 
719 
766 
680 
720 
791 
702 
765 
716 
699 
617 
2 659 
2729 


725 
651 


882 
888 


842 
813 
959 
796 
914 
827 
848 
798 
860 
918 
909 
794 
935 
$49 
822 
862 
962 
954 





1, 001 
968 
872 
799 
869 
968 
931 
993 
849 
969 
856 

2 874 
951 
758 
789 
879 
704 
694 
746 
744 
723 
767 
709 
673 
706 
701 
699 
763 
735 
708 
704 





























Aver- 
3 4 5 age 
Db. | Lb. | Bb. | Lb: 
per | per | per | per 
sq. in.|sq. in.|sq. in.|sq. in. 
789 | 799 | 624 | 722 
839 | 801 | 619 | 716 
553 | 561 560 | 554 
588 | 584] 521 | 558 
644 | 663 | 542] 628 
676 | 562} 607 | 609 
624 | 630} 578 | 596 
583 | 631] 503 | 1 583 
699 | 67: 663 | 662 
705 | 696 | 695 | 686 
77 662 | 675 | 715 
697 | 669 | 634] 667 
663 | 609 | 650 | 668 
644 567 553 598 
634 674 576 640 
729 | 681 | 648] 675 
705 | 818 | 765} 732 
781 767 | 668 | 715 
741 744 | 756) 691 
747 | 754) 652] 719 
787 | 758 |?690 | 742 
660 | 681 | 660] 671 
746 | 739 | 729 | 738 
795 | 787 | 665 | 745 
704 | 678 | 668] 698 
810 777 680 741 
736 | 779 | 659! 726 
797 | 805 | 662] 787 
671 | 611 711 | 662 
720 | 688 | 2578 | 659 
2688 | 765 | 689 | 719 
631 | 695 | 608 | 656 
709 | 677) 711 | 688 
646 | 669 | 609 | 640 
675 | 696 | 689 | 668 
678 | 629 | 617] 646 
747 | 726 | 637 | 696 
706 | 708 | 645 | 692 
695 | 670 | 641 | 668 
695 | 690} 635 | 6654 
769 | 782) 707 | 766 
863 | 920] 829 | 875 
908 | 906 | 574 | 841 
2724 728 832 794 
841 | 850 | 801] 824 
845 | 860 | 731] 823 
832 | 819} 894] 840 
925 | 912] 805 | 864 
968 | 957 | 878 | 908 
832 | 840] 789] 823 
898 | 849 | 752] 828 
806 | 888 | 782) 798 
| 888 | 822] 859 | 868 
818 | 832] 773 | 801 
*808 | 935 | 793 | 863 
750 | 814] 773 | 803 
844 919 737 822 
825 | 818 | 708 | 773 
810 | 890 | 865 | 847 
961 926 741 864 
884 | 901 966 | 929 
813 | 824] 769} 809 
862 | 960] 797 | 875 
935 | 902] 794 | 853 
850; 815 | 745] 818 
946 | 981] 849] 908 
896 | 886 | 865] 873 
979 | 903) 768 | 899 
965 | 930] 888} 930 
987 | 961] 791] 915 
917 954 889 911 
827 | 796 | 760} 800 
810 | 868 | 821 | 822 
912 | 897 935 917 
959 |1, 005 896 948 
996 |1, 077 874 981 
881 | 935 | 848 | 893 
949 | 913 | 826] 910 
819 | 827] 820] 831 
877 | 846] 867 | 826 
911 | 787 | 894 | 884 
850 | 878 | 797 | 842 
873 | 896 | 823 | 846 
960 868 863 864 
690 | 646 | 644 | 678 
743 | 606 | 522] 625 
737 | 724) 693] 720 
791 | 699 | 645] 714 
736 601 677 696 
748 | 716 | 651 718 
760 | 707 | 678) 721 
656 | 706 | 635 | 672 
721 718 | 645 | 682 
712 | 697 | 709} 712 
760 | 703 | 665} 716 
757 | 715 | 2660 | 720 
734 | 695 | 682 | 715 
670 | 722] 662] 685 
721 682 697 4693 
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TABLE 4.—Individual slab strength and uniformity—Continued 





Sec- 
tion 
no. 


198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 


261 
262 


265 
266 
267 
268 
269 
270 





1 


Db. 
per 
sq. in. 

710 
771 

2 597 
637 
704 
601 
496 
2578 
598 
577 
639 
728 

2 659 
701 
694 

2 651 
645 
685 
2615 
704 
744 
632 
651 
628 
626 
700 
667 
2707 
600 
827 
795 
882 
873 
829 
752 
916 
790 
843 
879 
764 
637 
767 
753 
885 
853 
865 

2 742 
734 
703 
680. 
803 
756 
674 
2770 
Gul 
773 
(By. 
825 
916 
829 
589 
811 
856 
891 
863 
818 
809 
827 
929 
879 
812 
790 
777 
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Db. 
per 
sq. in, 
2799 
774 
650 
631 
647 
613 
670 
674 
659 
619 
610 
682 
677 
751 
641 
756 
645 
644 
742 
743 
690 
556 
692 
704 
660 
688 
672 
684 
666 
826 
859 
824 
780 
810 
799 
859 
921 
872 
841 
842 
799 
825 
784 
905 
834 
794 
779 
814 
768 
810 
799 
873 
799 
756 
770 
2796 
806 
851 
874 
843 
810 
744 
871 
878 
797 
872 
876 
778 
902 
830 
878 
811 
807 











Modulus of rupture of slab no.— 


























| Aver- 
3 4 5 age | 1 
Lb. Db. | Db. | Db. 
per | per per per | Per- 
sq. in.|sq. in.|sq. in.|sq. in.| cent 
800 | 2 722 720 750 5.3 
814 766 726 770 eal 
734 689 657 665 | 10.2 
719 | 700] 657 | 669} 48 
692 706 608 671 4.9 
632 669 612 625 3.8 
699 704 453 604 | 17.9 
713 610 647 644 | 10.2 
633 596 618 621 3.7 
625 632 572 605 4.6 
665 591 584 618 3.4 
2 675 678 691 691 5.4 
758 718 703 703 6.3 
736 763 750 740 5.3 
739 706 678 692 a6 
731 726 741 721 9.7 
706 | 700} 686 676 | 4.6 
657 721 705 682 .4 
642 | 2 627 650 655 6.1 
708 709 660 705 cull 
669 | 717 | 687} 701) 6.1 
2692 | 683 | 703] 6538] 3.2 
681 710 703 687 §.2 
666 | 699} 718 | 683] 81 
725 683 646 668 6.3 
680, 713 704 697 .4 
720 690 681 686 2.8 
737 707 617 690 255 
682 643 624 643 6.7 
2831 814 764 812 1.8 
898 893 860 861 Ue 
952 978 848 897 ae 
821 | 814] 829 | 828] 6.1 
929 882 872 864 4.1 
885 852 797 817 8.0 
856 915 703 850 7.8 
917 803 751 §36 5.5 
875 818 852 852 iFal 
833 822 805 836 5.1 
837 902 802 829 7.8 
943 899 860 828 | 23.1 
981 881 822 855 | 10.3 
878 823 791 806 6.6 
956 957 854 911 2.9 
856 868 851 852 val 
823 747 737 793 9.1 
795 821 799 787 5.7 
756 763 628 739 wi 
852 | 714) 823) 772) 8.9 
836 757 813 49) 1227. 
860 932 821 843 4.7 
871 843 759 820 7.8 
839 803 | 2 720 Core | i Pdal 
810 | 2825 |} 803 | 793 | 2.9 
CRBS || WEES | PAR GY | Gk al 
796 765 761 778 .6 
831 tie 710 770 4.9 
824 850 864 843 25 
856 869 | 2 668 837 9.4 
905 839 731 829 0 
941 856 605 760 | 22.5 
770 733 820 776 4.5 
824 820 807 836 2.4 
2 895 888 895 889 2 
908 873 823 853 12 
931 | 839] 836 | 859| 4.8 
895 855 791 845 4.3 
893 912 | 2 846 851 2.8 
827 866 865 878 5.8 
855 832 835 846 3.9 
843 908 792 847 4.1 
879 895 769 829 4.7 
870 754 707 783 .8 
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1 Average of less than 5 values. 


2 Broke outside middle third. 


Control flexure specimens consisting of four 7 by 7 
by 30-inch beams were cast in connection with each 
standard-finish section up to section no. 151, after 
which a set of four beams was cast for every section. 
Three control cylinders, 6- by 12-inch, were cast for 
each section. 
vibrated. All were job cured and were the same age 
as the pavement slabs and the cores when tested. All 
specimens were tested wet. 
table 6 together with the corresponding average 
strengths of the pavement slabs and the cores. 

Results of tests for bulk specific gravity and absorp- 
tion are shown in table 7. 


None of the control specimens was 


The results are shown in 
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2 Average of 4 values. 


Slab not tested. 


t Not included in average. 
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TaBLE 5.—Percentage of honeycomb in slabs—Continued TABLE 5.—Percentage of honeycomb in slabs—Continued 
Honeycomb Honeycomb Honeycomb Honeycomb 
Slab no. ——<$<—<—$—_—$ Slab no. ee Slab no. eens aaa Slab no. 
Bottom | Break Bottom | Break | Bottom | Break Bottom | Break 
| 
Percent | Percent Percent | Percent Percent | Percent |! Percent | Percent 
3.4 0 Wiel ic ee eee 25.1 3.0 Ghee ny some ta as 88.8 65401) Q0= Ieee eee oo eee 8.3 2.9 
26. 6 oat ie Wig ae Ses Ds Ce 5.6 0 Oa ee ee 0 0 lie anew teen Spee 0 0 
CUBS bes oe OP We PS NT ye, ae oes 8.8 0 Hie = ork, 3 ob Sa 0 0 3. ee eee 0 0 
32.6 1.4 UA te 0 A 10.0 6 eae 5 0 0 AA Se ee 0 0 
18. 2 0 JPME RS vac hog Dyes il 9} eee ne ee. 0 0 5 oe age) 253 0 
2 20. 2 250) RASVeraeOnee oeeece see 15.3 Heal (A VONaROs 220 ctee sees fis 1.3 li Asveragesea 222. eee 2.1 -6 
54. 2 DEAN 72a Ve eee eee 55.0 2 86-1 eee ea eee 18.8 10) O0=1 See see ae 39.0 14.1 
25.6 9 ia 1.5 0 0 2 5.6 0 
15.6 0 6.0 0 0 0 0 0 
13.4 0 9.3 0 DY. 0 3.8 0 
Soup .6 40.5 2.0 7.5 .6 62 ee 48.3 7.6 
28. 2 Aff 25.6 1.2 5.7 eo NV MAVerageleace. soeeee 19.3 4.3 
2.1 0 19.4 2.0 4.6 0 10 4.0 0 
10.2 0 7.9 0 0 0 9 ee i ee 0 0 
6.5 0 0 0 0 0 55s ietiee ake 0 0 
3.9 0 3.3 0 0 0 y DV ee Fe 0 0 
18.3 0 10.2 6 8.6 0 ie ee AS ee 9.6 1.8 
Sil 0 8.2 6 2.6 0 ‘Averages Meeomeee OF, on! 
16.2 6 9.5 BS LESS 21be eee 33. 6 829) 102-12 eee ee 60. 0 10.0 | 
4.0 0 8.1 0 Cie Sere = Eyal 0 23 2s. eA S1C7 4.0 
11.6 0 18.7 ey, as ee 0 0 Lees Senne oer 16.9 0 
Bu7 0 in 0 ee 5 Meas 6.2 @ Qos ae I 28.1 4.9 
eal 0 11.6 0 pee. er 23.1 1.5 foe eee 62.6 10.7 
8.5 nal 11.9 EAA vernoo mesma eneees 1359 152 Avera gous sane 39.9 5.9 
13.8 6 47.9 1.8 0 0 103-1 Pee eee ee 28. 3 ipl 
30.6 6 8.1 0 0 0 Da WT a OE ae 18. 4 1.5 
10. 4 6 0 0 0 0 Bp ROIs Aes 0 0 
24,1 1.4 Avs 0 0 0 p Wes a8 ee TS 13.3 0 
39.0 3.4 42.3 3.9 0 0 5 ea re 66.5 9.1 
23.6 1.3 19.8 Ayal 0 0 A Vera ye senen at omen 25.3 2.3 
Tae: 0 47.7 CP a ety yee eos RN 16)D 3.0 ||104—]22 Soe eee 8.8 1.2 
12.0 -6 9.8 1.5 pie 5 ete a 0 0 2) Cee eae 0 0 
29.7 6 0 0 Sao EA Henn 0 0 3. ee 0 0 
16. 2 0 25.6 6 Tithe, aay a .8 0 A Ae ees 0 0 
15.2 0 42.9 i Re ek ee aa 26.5 2.3 5k eee ee 14.5 0 
16.1 2 25.2 IS Ze meArverac ols sue akon aan 7.9 Te allpAwverag Gun an eens 4.7 2 
62.4 4.4 11.8 Oni POjalac sees eee 0 0 TOB= 1 2h eee eee 30.1 5.7 
74.0 2.9 5.1 0 pk race © 0 0 pe a ee ae 0 0 
17.6 6 12.3 0 PEE a er ems a 0 0 Cpe etetree te Hd 0 0 
22.6 6 ses 0 pives ou iine ecb) 2S 0 0 Ge 0 ST 4.4 -8 
36. 0 152 ie, 93 6 iF Taine are ariel 0 0 Bens ae) See 13.5 0 
42.5 1.9 10.0 Soil WA verdcelmsemncuee ne 0 0 IN SENG oe 9.6 1.3 
SES 0 12.9 ACN REC ys ee ep als, ha 0 0 106=1 32: eee 1 62,2 17.9 
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TaBLE 5.—Percentage of honeycomb in slabs—Continued 
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TaBLe 5.—Percentage of honeycomb in slabs—Continued 

































































Honeycomb 7 
y Honeycomb Honeycomb pep youreh 
Slab no. Slab no. Bie ans 
te is ol no. 
Bottom | Break Bottom | Break Break Seiten Il Oreck 
reak 
Percent | Percent Percent | Percent 
229-1 See eee He rite pl sed a a ee 5.7 0 P ee ee eve war ee 
PS oe Stas en : ee Sere 24. : te a ee ; ; 
OV. at oe 9.2 0 CINE 6 uae ater aey 7.1 0 0 Pee i L783 2.0 
9 oka ey So 4.4 1.2 yen, Ci ee tg NS 36.4 3 1.2 i eee eae ee 0 0 
ihe eae oe ee 4.0 ee Sat Be SE = 30.1 6 0 rE eae eee ree 1.5 0 
INGA NGA Dh es Sa 6, 2 SO) Averages oea- ea ee ase 20.8 3 0 Sere See eee i 4.2 
A AVOTAP Ol sos nee nee OD 1.4 
28S ee aS 3.3 0 pz I ae Pee a A 46.3 21 : 
1 en oe 6.9 0 OEE Oe ers ee 2.6 2 59) |) ZOG— Uae eset cee es 7.4 0 
et ee ee eee 20. 0 152 Bg 8 oe eee. EF 1.6 0 0 bei ae eee 0 0 
: Aan tod ee ie ; ‘ Cp een ae eee 13.3 22) 0 5 3 ee 0 0 
Lie ea : Be wees) oe 42.9 BNO) 3h Le eee es 0 0 
ASV OLS2 Osan ee sence 7.0 SOM ALVOLAGG sae ee emeen ae 21.3 ital , 5s eerie 111 0 
Veragen soos --cccoen 3.7 0 
oop tal ee, See a 5.4 0 DAG= Roser Sao m ae 0 0 
Pe es a: BSE ee 6.7 .9 OTS ES Sa Rha peparbes 2 es 0 0 0 DO fers Se eee 0 0 
iS ees ae nL . = 19.5 152 3 eee eee ies 0 0 2a) ees 0 0 
(Np a ee ee 10. 6 0 (NEES a ees eS 0 0 0 SE ee ee ae 0 0 
it oes See 1.4 0 [SSeS elec ee 0 0 0 ee 0 0 
AV CTaUO See tn 2 8.7 a4 | PAVeragOuresoesss== = a 0 0 if Se aa a ee 0 0 
0 AVCLAS Alcesnee sane 0 0 
DO eal See SS 8.2 Pak ce fel Us ae yay 30.8 3n8 
O)s <2 es eae 4.9 0 Dot eee ay 0 0 268 eee ce ee eee 4.5 0 
yo apt ae |e 59. 1 2.4 Bias sete pee 0 0 0 Diets. See 1.6 0 
fA = agin a Se 48. 0 nei 5 Nee 5 eee 0 0 0 Beet nee Cee 0 0 
Abe es 30. 4 9 bi epee is een 20.3 6 0 Ave 522 Cee .6 0 
FAV OT AC Onto ore ces. 30.1 TaieilAVveragess-s2-censce= 10.6 8 ea 0 Soe es ee 6.4 0) 
9 0 IAVONAGO.sacceae eae 2.6 0 
FASS ie ae See 17.5 EiGu lll 248-Weoscevoteccacees 0 0 
Vo 19. 6 1 eA Qe saaeteascese 0 0 . 6 0 26921 sooo eee ot 8.3 0 
eee Seen ek 4.7 -3 Oncne sense ecoae] 0 0 0 7 ee eee wey Raye 4.9 0 
AMS Sie SA 10.8 0 Ae eee wet SSeS 0 0 0 Seo ee 0 0 
lit: ty sik Se 42.8 4.7 Ongesaes eos oaae = 0 0 0 tte es 0 0 
At veravoue. sage = 19. 1 alfa, ||) WEE ee ae 0 0 0 Geers Serene 1.3 0 
0 AN Crag 0 s22: ooo ee 2.9 0 
Jav ih ee eS See 89.0 6:1.) 249-1ee eee. oases 1.6 0 
eS Roanoke 45.7 12 Fy een SN ee he 0 0 Pon |c270- beeen ee 0 0 
Se eee 40. 3 .6 Demaccasnea sees 0 0 6 Pa AGL cetBe Se 0 0 
ile oe eS 70.4 6.3 Ge enone ae 0 0 0 Oo eee ae 0 0 
(i at 90. 0 8.3 Ob Bloseussascsccs 25.6 2 .6 PUGS ed a ae ges 6.0 GB 
AVOLRS One ee ee, o. - Gr 473) || -Asveragel------.>---— 5.4 0 -9 eee ioe eee 10.6 9:3 
516A VOL? On eae on ene 3.3 .6 
Bap Int) Ja ocak 5.3 om | leo se ae 0 0 2 
De ee a 4.0 0 ae eee eS 4.2 0 
See arcane ree = ail 0 Solesececcoseusse ez) 0 
(i ees £2) 22. 6 .3 2 es ee 1,2 0 
eee ee ee 21.5 48) Dee at aneee sean = 24.9 .6 
PSV ODAC Ween eee ee 10.9 POW AVerag@ eases | sone 6.3 1 
IA ee ee 4.2 0 14.0 Ag) 
OAs fa ao a ee 2.8 0 0 0 
Siok, Sk a ae 6.1 0 0 0 
he ee ae ee eee ae 14.8 .3 0 0 
(Vs a ee Se ee 23.5 .9 252 0 
FALVOLAD One eee ac 10.3 we, Sue aii! 
SEMEN 9 Rao eee 32.6 9 48.7 8.4 
Oh Sc 9 ae a 25,1 6 24.4 6.0 
ieee 7.2 0 1.9 0 
hot eee 12;3 0 ip( 2.9 
Dee a ee 13, 2 0 49.3 7.4 
ASC ee 18.1 .3 28.3 4.9 
CAI ale. A 39.8 1.8 5.3 0 
CL i 40. 1 2.4 at 
Bee. Soe 14.0 0 é 
OS ech ee 35.3 6 0 0 } 
Ree eos, 46.9 2.6 0 0 Y,0EPTH OF HONEYCOMB ¢ TOS INCH. $8GREATER THAN $INCH 
INSHGUENGD bolle 36, 2 1.5 bf 
Aa en re re 3 Figure 2.—DIstRisuTION oF HoNnrEycomsp at BoTrToM oF A 
eae re ‘ Rive are 11.8 6 Section (Serres B) Havinea: Base Mix; STanparpD FINISH; 
Oh seed, epee ee aS 0 ‘ : oe enen2--------- ee 5 A Stump oF 2.5 IncHsEs; AND 10.1 Percent HONEYCOMB. 
ie eee Le sh | 28 Sec-poosesSepe ; 
eee ee ees 24.4 3.2 Oe ea 52.3 “9 
ACvarnge mms. seco Lo. 14. 2 1.4 || Average.----------.- 15. 4 3 
EUS | ak RD a ee 91.1 11.8 14.4 0 
D4, fades seats Op Aen aE 41.5 9.4 4.0 0 
So ee dro 0 10.3 0 
i = 5 40.9 7.9 15.7 0 
eee se 95.3 13.0 20.8 3 
ANCEAD ORG: feet nas = 56. 8 8.4 13.0 ol 
DVT pet a 6.2 0 250 lee eee ea 55.7 3.7 
Oe ee 5 i 5.3 0 OS EO ESE aT 24. 6 2. 4 
oy iat Sea 17, 0 BIL ose ee eects 10.3 ati 
ia Sa aee 21.9 a3 Oe ae eee 38.9 3.9 
ee yar 6 Le ae EE ee 88. 0 8.5 
ACvOrare less. oso... 10. 6 2) ||| Avverage-=-s2—==-=-—- 43. 5 3.8 
WPL I el) ia a 3.5 0 Diy Eile eas ee ae 20. 5 2.4 
Ld i eee eee 4.6 0 De EI 18.5 1,2 
Wed sat 4.3 0 Cp ian oe ENTE a 6.7 0 
io” ee 13.7 0 pope Seas ae ea ae 30.8 9 
i232 38 0 i OReS ee ena=as=— a= i va 
Li 5.9 0 VOPagGsee- ne ea ean= fs 4 
4 ! ‘ 
1°) a 5.2 -3 || 258-1---------------- sll} 14.5 Ui, DEPTH OF HONEYCOMB 3 TO03 INCH. %8%GREATER THAN SINCH. 
0. ee eae 4.5 (na | PO face ee Ser ; : 
Doe eee eee oe 0 3.--------------- Pee ge Figure 3.—DIsSTRIBUTION OF HoNEYCcOMB AT BOTTOM OF A 
a: ae - Cee Se G00 0 ete Section (Serres B) Havine: Base Mrx; Sranparp FINISH; 
SC 8.8 iS Average. seeee sae oe 66. 1 8.9 A Stump oF 1.2 Incuss; anp 40.8 Percent HONEYCOMB. 
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PIC BL, CAR ODS 

















UW, DEPTH OF HONEYCOMB £ TO 4 INCH. 388GREATER THAN ZINCH. 


FicurE 4.—DIstRIBUTION oF HoNrEYcomB AT BoTToM OF A 
Section (Spries B) Havina: Basp Mrx; Vipratep; a SLUMP 
or 1.2 INcHES; AND 8.8 PErceNTtT HONEYCOMB. 








Ujg 9EPTH OF HONEYCOMB + TOS INCH. 38% GREATER THAN 3/NCH 


Ficure 5.—DIsTRiBuTION OF HoNnnycomsB at BoTToM OF A 
Section (Serres B) Havina: ONE Part oF Coarse AGGRE- 
GatE ADDED To Base M1x; VIBRATED; A SuumpP oF 0.8 INcH; 
AND 20.4 Pprcent HONEYCOMB. 


TaBLE 6.—Results of strength tests 








Modulus of rupture 1 
at age of 914 months 


Crushing strength 2 at 
age of 14 months 


























Section no. 
Pavement | Control | Pavement! Control 
slabs beams cores cylinders 
Lb. per Lb. per Db. per Lb. per 
sq. in. Sq. in. sq. in. 8q. in. 
1-88... ioe eee eae 707 579 7, 340 4, 900 
Da Ot a Ee pC eee 695 650 6, 400 5, 390 
OHV ace Se nego ese eee O82isispe =e eee 7, 820 6, 320 
Ba A ee Ss es eee ee G45 dsee se see ee 6, 910 5, 380 
6-V 4 ee COG ulsons wees sees 7,270 5, 540 
6-V 2 2 ae ee eee Ga2a eek? gee FEF 7, 430 5, 340 
NAD cc alccmae ae oe a eee 685 571 7, 820 5, 480 
a6 See eee aet Loe, Been 688 628 8, 050 6, 150 
GOV ie eee Pe eS a a eee Come CL ee ee ee 8, 450 6, 1380 
OV ee es a os ee yet ate Se ee 6, 880 5, 280 
11-V CW GY ted aap. Sn, ee 6, 620 5, 180 
‘ £00) bees saa oe 6, 920 5, 090 
663 637 7, 360 5, 900 
655 630 7, 930 6, 030 
it Sa eee 7, 540 6, 570 
C4: Sf fe ae Se 7, 840 6,370 
SOG) See ose 8, 080 5, 420 
ayaa) || Soe pee 6, 800 5, 990 
656 594 6, 150 5, 760 
637 639 8, 360 5, 800 
(atch | eee A ee. 8, 080 6, 000 
6907) 22st Saree 6, 920 5, £90 
(3{8 PN eee Se 7, 590 5, 590 
tale Se aS 7,100 5, 960 
686 681 8, 410 5, 890 
602 669 8, 030 6, 390 
(ASUS 2 ee oo os 8, 300 6, 150 
Ee Fk ee 8, 180 6, 440 
TLOt | Sots te eee oe 7, 880 5, 680 
ROH cs Re ee 7, 450 5, 980 
881 741 7, 760 6, 470 
886 834 8, 700 6, 600 
O08 uae cee ee ee 8, 880 6, 510 
SBA Tes eee 2 ie 8, 060 6, 190 
868i 52. eee eS 8, 400 6, 360 
S52) eee 8, 350 6, 090 
836 720 rey) 6, 640 
4 876 807 7, 540 6, 570 








TABLE 6.—Results of strength tests—Continued 





Section no. 




















Modulus of rupture 
at age of 914 months 


Vol. 18, No. 2 


Crushing strength at 
age of 14 months 


























Pavement Control Pavement Control 
slabs beams cores cylinders 
Db. per Lb. per Lb. per Lb. per 
sq. in. sq. in sq. in. sg. in. 

ORG i Soe eee 8, 1380 - 6,790 
CY 75 RS ek 2 eo 8, 520 7, 080 
S48" ee lee ee 8, 140 6, 780 
(98) a eee BEES 7, 580 6, 720 
896 720 7, 400 6, 280 
4918 755 7, 830 6, 850 
808 || £22 eee 7, 580 6, 650 
S87 sk Lee 7, 600 6, 620 
ODT Hieter eis 8, 260 6, 980 
OSL; See 2-aee ae 8, 320 6, 860 
1073) |e eeee eee es 7, 800 6, 930 
894 689 7, 060 6, 000 
$913 685 7, 480 6, 260 
O1Gh ess eens 7, 880 6, 500 
973) |e coe eee 8, 060 6, 070 
8, 280 6, 740 

7, 200 6, 290 

8, 020 6, 510 

6, 760 5, 480 

7, 460 5, 870 

8, 330 6, 330 

7,170 6, 670 

7, 660 6, 140 

7, 890 6, 170 

7, 920 6, 490 

7, 180 5, 420 

7, 180 5, 730 

7, 680 6, 190 

7.900 5, 870 

7, 620 6, 370 

6, 980 6, 250 

7, 400 6, 280 

6, 680 5, 230 

7, 720 5, 960 

7, 920 5, 870 

7, 120 5, 560 

6, 560 5, 480 

6, 520 5, 390 

6, 380 5, 070 

7, 830 5, 860 

7, 190 6, 130 

6, 500 4, 920 

6, 860 5, 170 

6, 160 4, 930 

7, 140 5, 090 

6, 730 5, 910 

7, 440 5, 840 

6, 040 4, 930 

6, 420 5, 030 

6, 420 5, 350 

6, 620 5, 780 

6, 600 6, 260 

6, 600 6, 190 

7, 030 5, 910 

6, 450 5, 910 

6, 340 5, 650 

5, 780 5, 830 

6, 260 6, 650 

6, 210 6, 320 

6, 460 5, 640 

6, 680 5, 370 

6, 700 5, 900 

5, 660 5, 830 

6, 160 5, 960 

6, 440 6, 180 

5, 800 5, 580 

5, 850 5, 310 

6, 270 5, 100 

6, 560 5, 490 

6, 990 6, 140 

7, 330 5, 980 

6, 500 5, 310 

6, 410 5, 250 

5, 860 4, 750 

7, 050 5, 510 

6, 240 5, 830 

7, 150 5, 890 

7, 320 5, 520 

7,490 5, 680 

7,140 6, 190 

6, 780 6, 640 

6, 680 5, 610 

7, 350 5, 930 

7, 640 6, 090 

7, 280 6, 100 

7, 880 6, 600 

7, 680 5, 590 

7, 520 6, 450 

6. 260 5, 160 

6, 840 5, 950 

7, 240 5, 920 

6, 300 5, 360 

6, 620 5, 210 





1 All slab values are the average of 5 tests unless otherwise noted. AJl beam values 
are the average of 4 tests unless otherwise noted. 
2 All core values are the average of 2 tests unless otherwise noted. All cylinder 
values are the average of 3 tests unless otherwise noted. 
’ Symbols used indicate: S-Standard finish. V-Vibrated finish. 


4 Average of less than 6 tests. 
5 Average of 3 tests. 
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TABLE 6.—Results of strength tests—Continued 
































Modulus of rupture Crushing strength at 
| at age of 92 months age of 14 months 
Section no. ea ae 
Pavement Control Pavement Control 
slabs beams cores cylinders 
Lb. per Lb. per Lb. per Lb. per 
8q. in. sq. in sq. in. sg. in. 
C10 ie eee 22 6, 670 5, 600 
668 591 6, 220 5, 730 
646 576 6, 920 6, 320 
BOG uae eee 6, 740 6, 030 
(ef ig a Si 6, 170 5, 570 
GBS ere ee 6, 100 5, 350 
Goat eee 5, 730 5, 580 
766 638 6, 520 5, 200 
875 703 6, 940 6, 210 
SA ee eee ac, 7, 020 6, 330 
(pit S| ae ae. BE 6, 660 5, 190 
SOA Tees See BS 6, 430 5, 600 
S2on ae eee eee 6, 800 5, 600 
840 699 7, 120 5, 630 
864 753 7, 940 6, 520 
fe es eee ee 7, 900 6, 480 
EPA | acoder ae 4,220 6, 150 
S25 hee ee ee 7, 340 6, 230 
OS. ||: oie pee ee 6, 670 6, 090 
868 674 6, 280 5, 260 
801 5 744 7,120 6, 160 
863 764 6, 5380 6, 300 
803 717 6, 020 5, 270 
822 754 6, 540 5, 670 
773 704 5, 620 §, 320 
847 730 6, 800 5, 560 
864, 769 7, 220 6, 540 
929 764 7, 040 6, 500 
809 693 6, 320 5, 590 
875 719 6, 540 5, 440 
853 710 7, 200 5, 610 
818 748 7,180 5, 370 
908 794 7, 670 6, 770 
873 794 7, 200 6, 710 
899 792 8, 010 6, 970 
930 831 7, 720 6, 860. 
915 775 7, 660 6, 760 
911 796 8, 540 7,170 
800 714 6, 820 5, 810 
822 809 6, 960 6, 550 
917 786 7, 280 6, 960 
948 837 7, 380 6, 920 
981 855 7, 600 7, 070 
893 784 7, 680 7, 090 
910 844 7, 880 7, 540 
831 680 6, 900 5, 790 
826 708 7, 320 6, 800 
884 751 7, 380 6, 760 
842 686 6, 870 5, 720 
846 698 6, 840 5, 610 
864 729 6, 640 6, 040 
678 590 6, 460 5, 840 
625 672 7, 320 6, 890 
720 597 7, 360 6, 760 
714 656 7, 400 6, 390 
BOGWIE ee eee 7, 860 6, 900 
DLO see e= eee 7, 880 6, 740 
els |e S28 eee ons 7, 980 1, 220 
672 612 6, 560 4, 690 
682 586 6, 460 5, 600 
712 602 7, 360 5, 810 
716 628 7, 020 5, 420 
720 641 8, 070 6, 510 
715 644 7, 420 6, 050 
685 634 7, 700 6, 080 
693 585 5, 860 4, 910 
750 639 7,070 5, 970 
770 597 7, 200 5, 740 
665 592 6, 100 5, 090 
669 610 6, 620 5, 240 
671 638 6, 420 4, 990 
625 554 5, 5380 5, 480 
604 632 6, 150 5, 900 
644 608 5, 840 5, 360 
621 574 6, 100 5, 270 
605 600 5, 580 4, 950 
618 589 5, 760 5, 290 
691 588 7, 240 5, 190 
703 580 7, 060 5, 250 
740 573 7, 550 5, 170 
692 575 6, 810 4, 880 
721 552 7, 000 5, 100 
676 585 7, 600 5, 240 
682 596 7, 820 6, 230 
655 622 8, 000 6, 890 
705 600 7, 800 7,010 
701 595 7, 340 6, 100 
653 585 7, 080 5, 740 
687 591 7, 040 5, 970 
683 556 7, 240 5, 840 
668 612 7, 550 6, 720 
697 587 7, 460 6, 710 
686 583 7, 150 5, 650 
690 588 6, 860 5, 600 
643 578 6, 5380 5, 720 
812 638 7,170 5, 230 
861 730 7, 740 6, 980 
897 728 8, 060 6, 660 
823 670 7, 360 §, 910 























TABLE 6.—Results of strength tests—Continued 


























| 
Modulus of rupture Crushing strength at 
at age of 96 months age of 14 months 
Section no. ; 
Pavement Control | Pavement Control 
slabs beams cores cylinders 
Lb. per Lb. per Lb. per Lb. per 
sq. in. $q. in. sq. in. sq. in. 
PEE et on, | Se Se er ee © 864 710 6, 880 5, 550 
D8 Vie se Senet ee ie | 817 705 7,070 5, 760 
PAR ae ene 3 Uh ae ee ae 850 716 7,430 6, 140 
D34= Oy ae Wate. Beeees ek Sept ee 3 &36 762 7, 860 7,070 
DR ENE Sg coin ab Foy jae ope 852 800 7, 520 7, 050 
250 Vie ee eee ee) ey eee ee 836 755 7, 360 6, 600 
DAY ENE. Se ee eS 829 740 7, 580 6, 300 
DO Vise ere eee eee eee ee ees $28 722 7,720 5, 960 
Pe eee, 5a ee th ere ie tae 855 627 7, 960 6, 120 
S 806 745 8, 020 7, 100 
911 739 8, 400+ 7,470 
852 725 8, 130 6, 340 
793 710 7, 780 6, 260 
787 684 7,460 6, 010 
739 726 5, 800 6, 420 
O46 = Vie ee eee ee eee 772 728 7, 130 6, 550 
VINER EE te Oe ae eee 779 688 6, 4380 6, 140 
tt eae ee ee See ANE TERE be ae ee 843 712 7, 140 5, 990 
DAG HV 5 ene Be Ae 820 734 6, 820 6, 060 
Mh VE a ee eee ng = ee ee 767 5 777 6, 780 6, 380 
OD Seen wane etme s ee as LS 793 673 6, 720 6, 500 
B52 eel ae eee en Se 757 729 7, 560 7, 400 
DDS = Vi ans Ree ae aa er eee 778 758 7, 140 7, 420 
Dia Vie ee ene a eee wees 770 754 7, 520 6, 650 
255-9 ee a ee ee eee eee 843 694 6, 860 6, 520 
Aa 0s es ike ee ae ee Es, ee 837 736 8, 080 7, 240 
OD Vi en er ee 829 769 7, 240 6, 970 
QOS Vase ve aad Tere eee 760 790 7, 420 6, 810 
Des ae ee ee eee 8 eee 776 680 6, 580 5, 920 
DBO=5 Sele ee ie ae ee Seen ee ee 836 708 8, 320 6, 940 
Gs Nee er es ee oe 889 688 6, 960 6, 520 
ORY oe ee ee Se oe eee en 853 694 7, 180 6, 200 
QOS=Vi 2 oo aetna Ae eae Se ee 859 673 7, 150 6, 190 
2645 se a Be ee ree 845 730 7, 100 6, 470 
O60 =e aie ee te eee ee se 851 (iy 7, 400 6, 710 
ZOD HS ee eee ce ee ee eee 878 639 7, 100 6, 440 
DO TVs aaa ee ote ete es 846 681 7, 360 6, 810 
DESs\ ao keee See eee 847 652 6, 760 6, 480 
DEOS\V ee ee oe see ee eee 829 695 6, 850 6, 180. 
DiQ=V esos se oe ae ee eee oe 783 678 7, 140 6, 350 








5 Average of 3 tests. 
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Specific gravity of slab no. 





Absorption of slab no. 



































Section no. im ‘ 
ver- ver- 

| 3 li age 1 3 5 age 
Percent | Percent | Percent | Percent 
2.32 231 Qo 2.0 5. 41 5. 93 5. 97 5.77 
2. 31 2.30 2.31 2. 31 5.89 5. 84 5.99 5. 91 
2,31 2200) 2.00 2. 33 5. 26 4.7 5.19 5. 08 
2.34 2.32 2.36 2.34 5.25 5. 64 4,95 5, 28 
2230 2. 30 2.34 2. 32 6.35 5. 71 4.97 5. 34 
2.37 2.32 2.37 2. 36 4,42 5.47 4.58 | 4. 82 
2.35 2. 33 Py 2, 33 4.89 5. 04 522 5, 05 
2.33 2. 32 2. 34 2. 33 4.87 5.21 4.83 4,97 
2.33 2. 32 2.32 2:32 4.85 5. 09 fay alil 5, 02 
2.35 2. 33 2. 34 2. 34 4.92 5.18 4,90 5. 00 
2. 34 2, 33 2.35 2. 34 5, 06 5. 00 4,79 | 4,95 
2. 34 2.33 2. 36 2. 34 5. 04 5. OL 4.41 4. 82 
2.32 2. 33 2. 34 2.33 5, 28 5. 04 4.91 5. 08 
2i3o 200 2. 32 2.33 4. 84 5. 06 5, 29 5. 06 
2. 34 2. 34 2.38 2.35 4. 82 4.49 4, 36 4. 56 
2.35 228 2.35 2. 34 4.52 4,78 4. 64 4.65 
2.36 2.386 | 2.34 2.35 4, 23 4.61 4. 66 4. 50 
2. 34 SY 2. 36 2. 36 4.72 4, 21 4,30 4. 41 
2. 32 2.33 2.31 2. 32 5. 07 5. 00 5, 40 5.16 
2, 34 2.32 2. 34 230 4.97 5, 20 4.94 5. 04 
2. 33 2. 36 2. 36 2. 35 4. 67 4.33 4.11 4.37 
2. 35 2,35 2. 34 2.30 4,52 4. 63 4. 50 4, 55 
PREM 2.36 2. 34 2.35 4.10 4. 26 4, 64 4,33 
2. 33 2.35 2. 38 2. 35 4.88 4. 53 4, 21 4, 54 
2. 30 2. 33 2. 35 2. 34 4.71 4, 93 4.48 4.71 
2. 34 2. 33 2. 32 2.33 | 4.82 4. 84 5. 02 4.89 
2. 38 2. 33 2. 36 2.36.| 4,24 4.70 4.12 4.35 
2. 36 2. 35 2. 36 2.36 4.40 4,32 4, 22 4,31 
2. 34 2. 33 2. 36 2. 34 4,84 4.75 4. 46 4, 68 
2. 35 2. 37 2. 38 2. 37 4.49 4.18 3. 90 4.19 
BN ae ae a ge 2. 39 2. 36 2.37 2. 37 4, 86 5. 25 5. 07 5. 06 
Dees ee 2,39 2.37 2.39 2.38 4.47 4. 93 4.55 4, 52 
RG oe be 2.40 2.40 2. 43 2. 41 4,40 4, 37 3. 93 4, 23 
See tee ee SO 2. 42 2. 38 2. 44 2.41 4.48 4.75 4, 03 4,42 
Rie eee eee 2. 42 2.41 2. 41 2. 41 4.17 4. 24 4,27 4, 23 
DO Seat eee 2. 41 2. 40 2. 42 2. 41 4.41 4, 31 4. 05 4, 26 
SiS ck ee ae oe 2. 39 2. 36 2.38 2. 38 4.99 5, 32 4.98 5. 10 
Doe. seeaee a oe 2.40 2.37 2. 39 2. 39 4,41 5. 04 4. 58 4, 68 
0a ee 2. 38 2. 39 2.37 2.38 4. 94 4. 54 4, 86 4,78 
B() So seas ey 2. 42 2.42 2. 41 2. 42 4,32 4.19 4.38 4. 30 
fy Wale 2. 43 2.42 2. 40 2. 42 4.16 4. 05 4.38 4, 20 
| De ces ee a 2. 44 2, 43 2.47 2.45 3. 92 4. 06 3. 58 8. 85 
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Specific gravity of slab no. Absorption of slab no. 
Section no. < 
ver- ; Aver- 
1 3 5 age 1 + 5 age 
Percent | Percent | Percent | Percen 
PALE. oe ene 2. 39 2.37 2.39 2. 38 BA 5. 70 5. 26 5. 36 
72)! Jars Saale ae 2. 37 2. 36 2. 34 2. 36 5. 36 5. 66 5. 89 5. 64 
PE ne ae ee 2. 36 2. 37 2. 37 2. 37 5. 63 5. 60 6:15 5. 46 
Dae ee ee oe 2. 39 2. 38 2.35 2. 37 5. 02 5. 35 5. 84 5. 40 
7 asa 2. 39 2.37 2. 39 2. 38 5. 26 5. 65 5. 07 5.33 
SAS emer =. 2. 36 2. 39 2. 37 2. 37 5, 33 4.94 5. 29 5. 19 
A ee ee oa" 2. 43 2. 37 2. 39 2. 40 4, 29 5.45 5. 12 4.95 
ot {22 2) eee 2. 34 2.35 2.38 2. 34 6.01 5.98 6, 23 6. 07 
A ee 2, 32 2. 34 2. 35 2. 34 6.11 6. 00 5. 75 5.95 
BI: fas =, ales Sa 2. 34 2.35 2.33 2. 34 6. 01 Lay Ai 6.16 5. 97 
AR eee eee 2.37 2.37 2. 36 2.37 5, 95 5. 38 5. 69 5. 67 
OTe atts Sea 2. 36 2. 36 2, 34 2, 35 6.73 5.73 6. 28 5.91 
ZO) eens aes 2. 37 2. 36 2. 37 PI BY | 5, 29 5.52 5. 30 5. 37 
Hae £2 2. 36 2. 34 2.37 2. 36 5. 29 5. 79 5. 10 5. 39 
ips ee ee 2. 34 2. 34 2. 40 2. 36 5. 35 5. 43 4, 52 5. 10 
as ae eet ee se 2. 34 ey 2. 38 2. 36 5. 68 4,94 5, 01 5,21 
PAN) ote ately aeeieeee 2.41 2. 38 1 2.38 2. 39 4.85 4.69 15.03 4. 86 
NR Ae nes ae 2. 35 2. 35 2.30 2.35 5. 67 5. 66 5. 49 5. 61 
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1 Value for slab no. 4 used. 
2 Value for slab no. 2 used. 


It will be evident from the foregoing that the major 
comparisons regarding the efficiency of surface vibrating 
equipment of the types now generally available are 
furnished by the tests in series B (see table 2). These 
resulis will therefore be presented first and the detailed 
discussion will be followed by a brief discussion of the 
results for series A and C. 

The general effect of vibration on the strength and 
uniformity of concrete, as revealed by results obtained 
with machines A and B using both crushed stone and 
gravel, is shown graphically in figure 6. The average 
results of tests on 26 sets of 6 or 7 sections each, involv- 
ing the standard operation of the vibrators, are given 
in this figure. Standard operation for machine A is 


CONSTANT WATER-CEMENT RATIO 
T-INCH SLABS 
COARSE AGGREGATE ONLY INCREASED 
EACH POINT AVERAGE OF 8 SECTIONS 


DBL Ce ROAD 


CONSTANT WATER-CEMENT RATIO 
10-INCH SLABS 
COARSE AGGREGATE ONLY INCREASED 
EACH POINT AVERAGE OF 4 SECTIONS 
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defined as two passes of the machine, with both screeds 
vibrating. For machine B, standard operation is 
defined as one pass forward and back with pan vibrating, 
and a second pass made without vibration. The 
sections selected for study in the various figures can be 
identified by reference to table 2. 


REDUCING SLUMP TO 1 INCH INCREASED HONEYCOMB IN NON- 
VIBRATED CONCRETE 


In figure 6 the upper portion of each of the four blocks 
shows, for each variation in mix, (1) the relative flexural 
strength of the test slabs; and (2) the relative crushing 
strengths of cores drilled from test slabs expressed, in 
each case, as percentages of the strength of 2%-inch 
slump concrete finished without vibration. The lower 
portion of each block shows the corresponding data on 
uniformity indicated by: (1) The average percentage 
of variation in flexural strength of the five beams taken 
from each test slab; and (2) the average percentage of 
honeycomb in the slabs. Reading from left to right, 
the data shown in the four blocks indicate (1) the effect 
of increasing the amount of coarse aggregate in the mix 
while maintaining the water-cement ratio constant; 
(2) the effect of the same variation in mix for slabs 10 
inches thick; (3) the effect of increasing the amount of 
both fine and coarse aggregate; and (4) the effect of 
changing the ratio of fine to coarse aggregate while 
maintaining the cement content constant. 

In addition, there is alsc shown in each block (1) the 
relative strength and uniformity of standard-finished 
concrete having the same proportions as the base mix 
but with the water content reduced to give about a 
1-inch slump; and (2) corresponding data for vibrated 
concrete of the same mix, consistency, and water 
content. 

It is evident from the preceding discussion that by 
means of figure 6 a number of comparisons can be made, 
including: 

1. The effect of changing the slump from about 2) 
inches to 1 inch by decreasing the water-cement ratio 
with no change in the method of finishing, that 1s, 
without vibration (second panel in each block). 

2. The effect of vibrating this 1-inch slump concrete 
(third panel in each block). 


CONSTANT WATER-CEMENT RATIO CONSTANT CEMENT FACTOR 
T-INCH SLABS T-INCH SLABS 
FINE AND COARSE AGGREGATE INCREASED RATIO FINE TO COARSE AGGREGATE VARIED 
EACH POINT AVERAGE OF 4 SECTIONS EACH POINT AVERAGE OF 10 SECTIONS 
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3. The effect of vibrating mixes harsher than the base 
mix, but having about the same water-cement ratio 
(fourth, fifth, and sixth panels in blocks J, 2, and 3). 

4. The effect of vibrating mixes harsher than the base 
mix, but having about the same cement factor (fourth, 
fifth, sixth, and seventh panels in block 4). 

In studying this and subsequent charts, it should be 
recalled that in virtually al] cases five slabs and three 
cores from each section were tested. Therefore almost 
every point in the diagrams represents a number of 
individual test values equal to five times the number of 
sections in the case oi flexure, and three times the num- 
ber of sections in the case of the cores. Results of 824 
flexure tests and 498 compression tests are thus repre- 
sented in figure 6. 

In discussing figure 6, the several comparisons al- 
ready noted will be considered in the order indicated. 

The effect of reducing the slump to 1 inch without 
vibration is considered first. 

In two of the four groups the average flexural 
strength was increased approximately 5 percent by 
reducing the slump to about 1 inch with a correspond- 
ing decrease in water-cement ratio. In the other two 
groups, one of which represents tests on the 10-inch 
sections, a slight decrease in flexural strength is noted. 
A weighted average value for the 22 sections of 7-inch 
concrete indicates an average increase in flexural 
strength of about 3 percent. 

The average increase in flexural strength of the cor- 
responding 22 sets of control beams was approximately 
7 percent, a value that may be said to represent the 
normal increase in strength of the concrete when 
tested in the usual manner, that is, in the form of 7 
by 7-inch beams molded in accordance with standard 
laboratory procedure. 

The smaller increase in strength shown by the slabs 
as compared with the beams probably results from 
the lack of workability of the 1-inch slump concrete, 
as placed in the pavement. This has been noted in 
previous reports. 

The lack of workability of the 1-inch slump concrete 
is also revealed by the high percentage of honeycomb 
found in the slabs. (See second panels in lower por- 
tion of each block and compare also figures 2 and 3.) In 








every case the tendency to honeycomb was markedly 
increased by decreasing the slump to 1 inch without 
vibrating the concrete. This same trend was noted in 
the earlier work and furnished the justification for the 
Bureau’s requirement that 2-inch slump concrete be 
used in pavement construction. 

Decreasing the slump to 1 inch slightly increased the 
average variation in slab strength in all three groups of 
7-inch slabs and substantially increased the average 
variation in the 10-inch slabs. 

In the matter of crushing strength of the cores, a 
weighted average for the 22 sections 7 inches thick 
shows an increase of about 6 percent as the result of 
reducing the water-cement ratio by 0.09. The average 
increase in cylinder strength for the same 22 sections 
was about 14 percent, which is about the amount that 
would theoretically be expected from a change in the 
water content of this magnitude. 

The reason why the cores did not show a correspond- 
ing increase in strength is not definitely known. AI 
were drilled from nonhoneycombed areas and it was 
expected that they would reflect the effect of changing 
the water content to about the same extent as the 
cylinders. However, attention is called to the fact 
that the cylinders were rodded in accordance with 
standard laboratory practice and that the standard- 
finished slabs made of 1-inch slump concrete were 
probably not adequately consolidated. 

EFFECT OF SURFACE VIBRATION EXTENDED ENTIRELY THROUGH 
SLABS 

The effect of vibrating 1-inch slump concrete of the 
same proportions as the base mix is considered next. 

These values are shown in the third panel of each 
block in figure 6. Increase in flexural strength of 
vibrated concrete as compared with the base mix 
ranged from about 7 to 9 percent, with a weighted 
average for the twenty-two 7-inch sections of about 8 
percent, or 5 percent higher than the nonvibrated, 
1-inch slump concrete. The 10-inch slabs showed about 
the same average increase in strength as compared to 
the base mix. However, in this group the strength of 
the 1-inch slump, nonvibrated concrete was slightly 
less than that of the base mix. It is probable that in 
the case of the 10-inch slabs the lack of workability of 
the 1-inch slump concrete resulted in less uniform con- 
crete under the standard method of finishing than in the 
7-inch slabs. This is indicated by the relatively high 
variations in slab strengths shown for the nonvibrated 
concrete having a 1-inch slump. 

The uniformity of concrete in the three groups of 
7-inch slabs as revealed by the percentage of honey- 
comb was improved somewhat by vibration. In 
each of these groups, the average amount of honeycomb 
was slightly less than that shown by the base mix. In 
the case of the 10-inch slabs it was slightly greater. 
However, in all cases the amount of honeycomb in the 
l-inch slump, vibrated cencrete was very much less 
than in the similar mix finished by the usual method. 
(Compare also figs. 3 and 4.) 

The comparatively large amount of honeycomb found 
in the 1-inch slump, vibrated concrete in the group of 
10-inch slabs may indicate that, for this depth of sec- 
tion, a slump somewhat greater than 1 inch would prob- 
ably prove more satisfactory when vibration is to be 
used. This is indicated by the improvement in uni- 
formity shown in the vibrated sections in which the 
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average slump was 2.2 inches (panel 4). The very 
substantial reduction in the tendency of the 1-inch 
slump concrete to honeycomb on the bottom when vi- 
brated seems to indicate definitely that the effect of the 
surface vibration of the concrete extended entirely 
through the slabs. This has been a disputed point 
ever since vibration was introduced. 

_ Except for the 10-inch slabs, the average variation 
in slab strength was about the same as found for the 
base mix. The 10-inch slabs showed considerably less 
uniform results for the drier mixes. 

The crushing strengths of cores from the twenty- 
two 7-inch sections of 1-inch slump, vibrated concrete 
averaged about 9 percent higher than for the base mix 
and about 3 percent higher than for the 1-inch slump, 
nonvibrated concrete. The crushing strengths of 
cores from the 10-inch sections showed about the same 
relative improvement. The increase in strength over 
the 1-inch slump, nonyibrated concrete was probably 
caused by vibration. This 
is indicated by the fact 
that the control cylinders, 
which were not vibrated, 
had almost exactly the 
same average crushing 
strength as the control 
cylinders representing 
nonvibrated concrete of 
the same consistency. 

Further evidence of the 
undesirability of placing 
l-inch slump concrete by 
the usual methods of 
finishing is afforded by 
the following comparison. 
The average percentage of 
variation in slab strength 
shown in figure 6 indicates 
the average uniformity 
of the concrete within 
a given test section. 
Uniformity may also be 
studied by comparing the 
average variation from the ; 
average flexural strength for the 22 sections of 7-inch 
concrete containing the base mix with similar varia- 
tions for the corresponding 22 sections containing the 
1-inch slump concrete, both nonvibrated and vibrated. 
Although these sections were laid on different days, they 
were laid in such a way as to eliminate the effect on 
these comparisons of variations in curing conditions. 

The average percentage of variation in flexural 
strength for the 22 sections containing 2/%-inch slump 
concrete was 2.9 percent, compared with 4.4 percent 
for the corresponding 22 sections containing the 1-inch 
slump concrete and 2.6 for the 22 vibrated sections of 
1-inch slump concrete. These values are not shown in 
the figures or in table 4, but were obtained from data 
in table 6 for the sections represented in figure 6. It 
is interesting to note that the average day-to-day varia- 
tion in flexural strength of the base mix (2.9 percent) 
was about the same as the average variation (3.2 per- 
cent) in the strength of the five slabs composing a given 
section. This would indicate that variations in curing 
and other conditions incidental to the average job do 
not cause greater variations in the strength of sections 


standard construction. 








PRACTICAL APPLICATION OF FINDINGS 


Depending upon the objective sought, exist- 
ing specifications for pavement concrete may 
be modified to utilize vibration to advantage 
in either of the following ways: 

1. By providing for adjustment of proportions 
to give a slump of approximately 1 inch with the 
same net water-cement ratio as is used in 


2. By providing for adjustment of proportions 
to give the same cement content as is used in 
standard construction but with the slump speci- 
fied at 1 inch instead of 2% inches. 

In either case the specification should be 
worded so as to permit the engineer to vary the 
relative proportions of fine and coarse aggregate 
to produce the best results, depending upon the 
type and grading of the aggregates used and 
the type of finishing equipment employed. 


laid on different days than do factors such as depositing 
and spreading, which affect the uniformity of the con- 
crete within a given section. 


VIBRATING ENABLED REDUCTION IN CEMENT CONTENT WITHOUT 
SACRIFICING STRENGTH 


The effect of vibrating mixes harsher than the base 
mix is considered next. Mixes having a constant water- 
cement ratio and in which only the quantity of coarse 
ageregate was increased are discussed first. Data for 
the 7-inch sections are shown in the fourth, fifth, and 
sixth panels of the first block of figure 6. 

In these sections the water-cement ratio used in the 
base mix was maintained constant, the slump being re- 
duced by the addition of coarse aggregate to give aver- 
age values of 6/by) of 0.78, 0.80, and 0.82 as compared 
with 0.72 for the base mix. It will be observed that 
the average flexural and compressive strengths are both 
almost exactly the same as for nonvibrated base-mix 
concrete. The uniformity 
of the concrete as measured 
by the percentage of honey- 
comb was also about the 
same, although there was 
a tendency for the amount 
of honeycomb to increase 
as the mix became harsher. 
Uniformity as measured by 
variation in slab strength 
was about the same for all 
conditions in this group. 

Corresponding values 
for the 10-inch slabs are 
shown in the second block 
of figure 6. In this case 
all of the harsher mixes 
when vibrated showed 
higher strengths: both in 
flexure and compression 
than the base mix, al- 
though the flexural 
strength decreased as the 
percentage of coarse aggre- 
gate was increased. The 
uniformity of the harsher mixes as measured by honey- 
comb also compared favorably with the standard, 
although a decrease in uniformity was found as the 
amount of coarse aggregate was increased beyond a 
certain point. Uniformity as indicated by variations 
in slab strength was somewhat less than for the cor- 
responding 7-inch sections. 

It should be noted that in both the 7-inch and the 
10-inch slabs the leanest and harshest mixes gave as 
high strengths as the base mix even though the cement 
factor averaged three-fourths of a sack per cubic yard 
less. The slump averaged slightly more than 1 inch 
and the water-cement ratio and sand-cement ratio 
were the same as for the base mix, that is 0.76 and 2.46, 
respectively. 

Mixes having a constant water-cement ratio and in 
which both fine and coarse aggregate were increased 
are discussed next. Results are shown for the 7-inch 
slabs in the third block in figure 6. The results do not 
differ materially from those for the group in which only 
the amount of coarse aggregate was varied, although 
there tended to be a slightly greater reduction in 
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Figure 7.—ErFrrect oF Tyre oF Coarse AGGREGATE ON STRENGTH AND UNIFORMITY OF CONCRETE FINISHED BY STANDARD OPERA- 
TION OF VIBRATORS, SERIES B. Eacu Point Is tHe AVERAGE FOR SECTIONS FINISHED WitTH Macuines A AND B. 


strength as the quantity of aggregate was increased. 
The percentage of honeycomb was substantially in- 
creased for the sections made of concrete having less 
than 1-inch slump, indicating that this slump is about 
the lowest that should be used with the type of equip- 
ment employed in these tests. This holds true even 
where the cement content was maintained constant, as 
will be noted by referring to the fifth and seventh panels 
in the fourth group, where the slump was also less than 
1 inch. 

It will be noted that the harshest mix in group 3 con- 
tained somewhat less cement and had less slump than 
the corresponding sections in groups 1 and 2. This 
resulted from the increased sand content. The results 
seem to indicate that for concrete vibrated with equip- 
ment of the type used in these tests the slump should 
not be less than 1 inch and that the cement factor 
should not be reduced by more than three-fourths sack 
per cubic yard. The results also show that nothing is 
gained either in strength or uniformity by increasing 
the sand content. 

Mixes having a constant cement factor and in which 
the ratio of fine to coarse aggregate was varied are dis- 
cussed next. It will be observed that the strengths of 
all the vibrated sections were greater than that of the 
base mix. This applies to both flexure and compres- 
sion. The flexural strength remained virtually the 
same but the crushing strength increased in the two 
cases where the slump was reduced to 0.8 inch by 
lowering the water-cement ratios to 0.64 and 0.63, the 
lowest average values used in the test. It would appear 
from these data that the flexural strength of concrete is 








not affected appreciably by varying the ratio of fine to 
coarse aggregate within the limits used in these tests. 
However, the tendency to honeycomb is increased by 
drying the mix to less than 1-inch slump. 


The comparatively high crushing strengths of the 
sections containing the 0.8-inch slump concrete is 
explained by the fact that the cores were drilled from 
nonhoneycombed areas. Under these conditions the 
strengths paralleled the reduction in water-cement 
ratio. These data illustrate the danger of drawing 
conclusions regarding the quality of paving concrete 
solely from the results of core tests. 


VIBRATED CONCRETE HAD SLIGHTLY GREATER SPECIFIC GRAVITY 
AND LESS ABSORPTION 


In figure 7 the data shown in figure 6 have been 
plotted to indicate the effect of the type of coarse 
aggregate on the results. Except for group 4, each 
point represents just half the number of sections shown 
in the corresponding panels of figure 6. Comparing 
relative crushing strengths first, it will be observed 
that, except for the 10-inch slabs, there was no con- 
sistent difference that may be attributed to the coarse 
aggregate. or the 10-inch slabs, three of the vibrated 
crushed-stone sections had higher relative strengths 
than the corresponding gravel sections. There like- 
wise appeared to be no consistent difference in relative 
flexural strength of 7-inch sections. This does not 
bear out the conclusion drawn as the result of the 
work in 1931, where a considerably greater relative 
increase in flexural strength under vibration was indi- 
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ale sae tne A 246 246 246 246 246 246 2.46 246 246 2.46 246 246 2.46 246 246 2.65 2.74 2.86 2.39 2.39 2.39 2.21 2.21 2.0! 2.0) 
MACHINE B 246 2.46 246 246 246 246 2.46 246 246 246 246 246 2.46 246 246 2.65 2.74 2.86 2.46 246 2.46 2.28 2.28 2.07 2.07 
2/2 SNe A 0.72 0.74 0.74 0.78 0.80 0.82 0.72 0.73 0.73 078 0.80 0.82 0.72 0.74 074 0.76 0.78 0.80 072 073 073 076 078 0.80 0.81 
: MACHINE B 0.72 074 074 078 080 0.82 072 073 0.73 0.77 0.80 0.82 0.72 0.73 073 076 078 079 072 074 074 0.77 078 081 0.82 
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Figure 8.—EFrect or Typs or FINISHING MACHINE ON STRENGTH AND UNIFORMITY OF CONCRETE FINISHED BY STANDARD OPERA- 
TION OF VIBRATORS, SpRIES B. Eacu Pornt Is tHE AVERAGE FOR SECTIONS CONTAINING CRUSHED STONE AND GRAVEL. 


cated when crushed stone was used as the coarse 
aggregate. 

In the matter of uniformity there is also little to 
choose between the gravel and crushed-stone aggre- 
gates. The greatest difference was in the percentage 
of honeycomb in the group of 10-inch sections. Here, 
for some reason, the gravel concrete showed more 
honeycomb, especially in the sections having 1-inch 
slump, nonvibrated concrete. However, it should be 
noted that the average slump of the gravel concrete 
in these sections was somewhat less than that of the 
corresponding crushed-stone concrete (see group 2, 
panel 2, in fig. 7). 

Results obtained using machines A and B are com- 
pared in figure 8. Considering only crushing strength, 
there appeared to be no consistent difference in the 
effectiveness of the two types of vibrating equipment 
except in group 4, which showed a slight advantage in 
favor of machine A. On the other hand, the flexural 
strength results indicated, in two of the four groups, a 
consistent advantage in favor of machine B. In group 
1 there was virtually no difference, while in group 3 
there was a slight trend in favor of machine B. On the 
whole, machine B seemed to give slightly better re- 
sults as far as increase in flexural strength is concerned. 
From the standpoint of variation in slab strength (uni- 
formity) the tendency is in the other direction. 

There also seemed to be a slight tendency for less 
honeycomb in concrete finished by machine B, except 
in the 10-inch slabs, where the trend was reversed. 
Here again, the difference may result from the slightly 


lower average slump for the concrete finished with 
machine B. 

In studying figure 8 it should be borne in mind that 
the values indicate, for each type of equipment, the 
relative strength obtained when the concrete was vi- 
brated compared with the strength of the concrete 
finished by the same machine operating without 
vibration. Differences in quality resulting from varia- 
tions in the design or operation of the two machines 
other than the vibrating equipment are not shown. 
Such comparisons can be made by comparing the 
average strengths obtained on the base concrete by the 
two machines. These comparisons, however, are of 
doubtful value because of the possible effect of varia- 
tion in curing and other conditions resulting from the 
fact that the two machines were always used on differ- 
ent days. 

The average values for bulk specific gravity and 
absorption of 6-inch concrete cores drilled from sections 
in series B are shown in figure 9. The same grouping 
is used as in figures 6 to 8, inclusive. These values 
reflect in a general way variations in density of the 
concrete, as revealed by tests on portions of the slabs 
free from honeycomb. They bear no relation neces- 
sarily to the average density of the slabs as a whole, or 
to the density of any portion in which honeycombed 
areas may be included. The differences shown are not 
of great magnitude in any case, although there seems 
to be a slight tendency for vibrated sections to have 
increased specific gravity and lower absorption. It 
will also be observed that, in general, density increases 
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FiGcurE 9.—GENERAL AVERAGE VALUES FOR ABSORPTION AND SPECIFIC GRAVITY OF CONCRETE FINISHED BY STANDARD OPERATION 
oF VIBRATORS, SERIES B. Eacu Pornt Is THE AVERAGE FOR SECTIONS CONTAINING CRUSHED STONE AND GRAVEL FINISHED 
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as the proportion of coarse aggregate in the concrete 
increases. 

As was indicated in the previous report, it is probable 
that the harsher concretes, when freshly mixed, con- 
tained more air voids than the base mix. The fact 
that the final densities of these harsh mixtures, as 
revealed by bulk specific gravity tests on the cores, 
tended to arrange themselves in about the same order 
as the theoretical densities (ratio of the sum of the 
absolute volume of solids to volume of concrete) 
indicates that the increased densities corresponding to 
the changes in composition were actually being ob- 
tained as the result of the method of compaction “used. 


WIDE VARIATION IN STRENGTH AND HONEYCOMBING ACROSS 
SECTION REMEDIED BY VIBRATING 


It is evident that one of the benefits derived from the 
use of vibration in these tests was improvement in the 
uniformity of the 1-inch slump concrete, obtained by 
reducing the amount of honeycomb in the slabs. The 
general relation between honeycomb and slump is 
shown in figure 10. It will be observed that the tend- 


ency of the standard-finished concrete to honeycomb 
increased rapidly for a slump of about 1 inch, and that 
a slump of about 2% inches was required to reduce the 
honeycomb to 5 percent. On the other hand, the same 
degree of uniformity was obtained with the vibrated 
concrete at about 1-inch slump. 

Reference to figures 2 to 5, inclusive, which show 
the distribution of honeycomb on the bottom of sec- 
tions, illustrates the extent to which honeycombing 
was concentrated in the outer slabs (numbers 1 and 5) 
of the test sections. 

It will be recalled that in this series the concrete in 
the two outside slabs was distributed by hand shoveling 
from the mass as deposited by the mixer discharge 
bucket. This method of distributing the concrete 
along the forms and in the corners formed by joints, 
etc., 1s practiced to a certain extent on all paving 
jobs, although efforts are made on well-conducted jobs 
to eliminate as much of this hand work as possible. 
Figure 3 illustrates the excessive amount of honey- 
combing that is apt to form in concrete that is shoveled 
into place and then finished in the ordinary way. Ap- 
parently the surface vibrators were effective in reduc- 
ing honeycombing because, as shown in figure 6, the 
average honeycomb in the sections containing the 1-inch 
slump, vibrated concrete was less even than in the 
24-inch slump, standard-finished concrete and very 
much less than in the l-inch slump concrete finished in 
the usual way. 

The effect of the location of the test slab in the sec- 
tion on the strength and amount of honeycomb in the 
concrete is shown in figure 11. The upper portion of 
the chart gives for each of the five slabs the average 
flexural strength of the three groups of twenty-two 

7-inch sections shown in figure 6, in which the base pro- 
portions were used. The lower portion of figure 11 
shows the corresponding percentages of honeycomb in 
the slabs. Each point is the average of 22 individual 
values. This figure is of interest particularly in show- 
ing how the nonuniform distribution in slabs nos. 1 
and 5 in the 1-inch slump, standard-finished concrete 
affected the strength. In both outer slabs the average 
strength of the 1-inch slump, standard-finished con- 
crete was less than the strength of the 24-inch slump, 
standard-finished concrete. The effect of vibration on 
honeycomb is also brought out clearly. Note that the 
average percentage of honeycomb in the 22 no. 1 slabs 
was reduced from 26 to 3 percent, and in the 22 no. 5 
slabs from 31 to 4 percent. 
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Ficgurp 11.—RELATION BETWEEN SLAB STRENGTH AND HONEY- 
COMB. STANDARD OPERATION OF VIBRATORS; 7-INCH SLABS; 
Series B; AveRAGE FOR Macuines A anv B; STONE AND 
GRAVEL. 


Also, note that in the case of slab no. 3 the nonvi- 
brated, l-inch slump concrete showed an average 
strength about 50 pounds per square inch higher than 
the base mix, 2%-inch slump concrete. Slab no. 3, 
being directly under the bucket when dumped, is prob- 
ably in the most favorable location as regards the effect 
of consistency upon uniformity. This is indicated by the 
fact that the average increase in strength of slab no. 3 re- 
sulting from the use of 1-inch slump concrete was about 
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Figure 12.—CompaRATIVE SLAB STRENGTH AND UNIFORMITY 
FOR Series A AND B. STANDARD OPERATION OF MACHINE 
A; 7-Incu SLABs. 


FINISH 


7 percent. This is almost exactly the same as the aver- 
age increase in strength of the corresponding 22 sets of 
control beams and, as noted, probably represents the 
normal increase in flexural strength to be expected for 
these materials caused by a decrease in water content 
of approximately % gallon per sack of cement. 


EFFECTIVENESS OF THE VARIOUS TYPES OF VIBRATING EQUIPMENT 
COMPARED 


As indicated earlier in the report, the first 42 sections, 
constituting series A, were constructed with a base mix 
that appeared somewhat undersanded at the time of 
construction. For this reason it was deemed advisable 
to repeat in series B that portion of series A inyolying 
the standard operation of machine A. This makes 
possible comparison of the results obtained with 
machine A in the two series. Data for comparable 
sections are shown in figure 12. They involve only 
groups of sections in which the proportions of the base 
mix were varied by increasing the amount of coarse 
ageregate. 

The two series show, in general, the same trends 
insofar as the effect of vibration is concerned. The 
unusually high crushing strengths of the vibrated 
mixtures in series A, which contained increased quan- 
tities of crushed stone, and the relatively low flexural 
strength of the 1-inch slump, standard-finished gravel 
concrete, are the principal exceptions. It will be 
observed that, in general, a somewhat greater uni- 
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Figure 13.—Errect or Tyrer or FinisHinc MacuIne on 
STRENGTH AND UNIFORMITY OF CONCRETE FINISHED BY 
STANDARD OPERATION OF VIBRATORS, AND HAVING CRUSHED 
StongE Onuty. Data For Macuines A ano B ArE FRoM 
Serres B; Data ror Macuines C anp D Ars From Sirizs C. 


formity in strength was obtained in series B. This 
seems reasonable in view of the adjustment made in 
sand content. However, as shown in the third panel 
of each block, vibration was about as effective in 
reducing honeycomb in the base mix in series A as in 
series B. With increasing quantities of crushed stone 
the amount of honeycomb increased at a somewhat 
greater rate in series A. The high percentage of 
honeycomb, high average variation, and low strength 
of the harshest crushed-stone mix indicates that the 
maximum safe value of 6/b) for vibrated crushed-stone 
concrete had been exceeded in series A. 

In addition to the tests that have been discussed, a 
few sections were constructed on which the operation of 
the vibrating equipment was modified to a certain 
extent. For tests with machine A the modification 
consisted of operating the finishing machine with only 
the front screed vibrating. This method was used on 
four sets of sections—two in series A and two in series 
B. In the case of machine B the vibrating procedure 
was changed by vibrating during the forward movement 
of the machine only. Certain data from these tests 
have been grouped in table 8. 








Referring first to the results obtained with only the 
front screed of machine A vibrating, and comparing 
the strength results obtained by vibrating the standard 
proportion, 1-inch slump concrete with the standard- 
finished base mix, a slight improvement was noted in 
two groups of sections only. However, the average 
percentage of honeycomb was reduced in three of the 
four groups. The results, in general, indicate that the 
modified operation was not as efficient as when both 
screeds were vibrating. 

On five groups of sections the operation of machine 
B was modified so as to omit vibration during the 
backward movement of the machine. These results 
are also shown in table 8. In most cases they indicate 
a slight improvement in the vibrated concrete, but in 
general the improvement was not as great as was 
obtained when the vibrating pan was operated during 
both the forward and backward movement of the 
machine. Here also vibration seemed to have been 
generally effective in reducing the amount of honey- 
comb in the slabs. 


TaBLE 8.—Results of special operation of machines A and B; 
concrete of base proportions only 


MACHINE A.—FRONT SCREED ONLY VIBRATING; 2 PASSES 





























Consist. | Avatage | Average | average 
Section and finish ! ency, ea ies honey- 
slump ese || RUC comb 
(slabs) (cores) 
Lb. per Lb. per 

Inches Sq. in. sq. in. Percent 
10 eee ee eee we een 3.0 685 7, 820 5.9 
Sa Soe es ee eee 1.3 688 8, 050 5.0 
OS renee eee ae Meee ae il. 711 8, 450 .4 
OHS eee ee eee een el ec 2.4 663 7, 360 10.5 
PASS eee es ae es See ial 655 7, 930 30. 6 
US VE reo en Se a eee 1.0 594 7, 540 Beil 
PtSi A Pa, Secrecy so ee 2.4 682 7, 820 5.9 
DGS se eee se ee ae ro ee 1.0 655 8, 000 38. 4 
Di View see Rae ee ae noe ae 1.0 705 7, 800 7.4 
PBR ie oS eel Cee er oe 2.4 850 7, 430 10.3 
FS eae ae Ee mere ee eT 10 836 7, 860 35.7 
230 = Viste aes Se ee Seen en Bee 1.0 852 7, 520 5.6 

MACHINE B.—PAN VIBRATING FORWARD ONLY 

PAS pg a nee hen ee eee 2.6 674 6, 680 8.2 
Ze ee ae ene ee ea ee ae Tp! 720 7, 720 13.4 
CO Nee eee et tts Se 1.2 698 7, 920 4.4 
CS ee a ee Sane ee ee 2.5 703 6, 380 5.1 
1 Sa ee ee ee ee ee eee 1.2 698 7, 330 3.3 
i DaN eee Semen ee ene 1 eee 1.0 712 7, 190 3.3 
SBS ae eee eee ee ae eT a 3.0 665 7, 140 2.3 
SAS ee eee ee ee es 1.4 734 6, 730 4.0 
SO=Vi2 eet eee ee Seattle 1.4 701 7, 440 4.5 

89-5 one meee ee eee Le meen 2.4 794 6, 620 0 
O0=S Sees Sees ee era ee 1.4 817 6, 600 4.5 

0 LV eee OR Sarah UN 12 812 6; 600 0 
L515 aes ee eee FAG 868 6, 280 3.8 
52 Sa ee ee eB ee ileal 801 7, 120 16.5 
153 eee eens ae ee ee Spe eG eee 1,2 863 6, 580 4.4 








1 Sections 89-91, 151-153, and 233-235 contained crushed stone; balance of sections 
contained gravel. 


The results obtained with crushed-stone concrete, 
using machines C and D, are shown in figure 13, 
together with corresponding data for machines A and 
B. Each point is the average of two sections. This 
figure compares the four types of surface vibrators 
that were investigated. Comparing first the relative 
strength of the virbated concrete of the base propor- 
tions (third panel), it will be observed that neither 
machine C nor machine D gave as good results as 
machines A and B. This applies to both flexure and 
compression. Machine D, however, compares favor- 
ably with the other type as regards the strength and 
uniformity of the harsher mixes. Machine C appears 
to be the least efficient insofar as flexural strength is 
concerned. Machine C appears to be less efficient 


April 1937 








than the other types from the standpoint of eliminating 
honeycomb from the slabs. Machine D was quite 
effective in reducing honeycomb in the vibrated con- 
crete slabs. 

Referring to table 6, it will be noted that almost 
without exception the strengths of the control beams 
and control cylinders were lower than the strengths 
of the corresponding pavement slabs and pavement 
cores. This parallels previous observations made in 
connection with similar work. An analysis of test data 
for the control specimens reveals a number of interest- 
ing relationships, among which may be noted the varia- 
tions in strength obtained on concrete of the same pro- 
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portions and water content but placed on different days. 
For instance it will be recalled that the average varia- 
tion in flexural strength of the twenty-two 7-inch, 
standard-finished sections in series B that contained 
2%-inch slump concrete was 2.9 percent. The average 
variation for the corresponding 22 control beams was 
4.4 percent, indicating that control specimens tend to 
have wider variations in strength than are to be found 
in pavement slabs. 

The corresponding variations in values for crushing 
strength were 4.6 percent for the cores and 5.2 percent 
for the cylinders. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 





Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D. C. As his office is not connected with the 
Department and as the Department does not sell publications, 
please send no remittance to the United States Department of 
Agriculture. 


ANNUAL REPORTS 
Report of the Chief of the Bureau of Public Roads, 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 


10 cents. 
Report of the Chief of the Bureau of Public Roads, 


10 cents. 


Report of the Chief of the Bureau of Public Roads, 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 


10 cents. 


Report of the Chief of the Bureau of Public Roads, 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 1936. 


10 cents. 


DEPARTMENT BULLETINS 


No. 583D.. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25 cents. 


No. 1279D .. Rural Highway Mileage, Income, and Expendi- 


1924. 


19272 


1928. 


19298 


JOD |e 


1933. 


1934. 


Ws 


tures, 1921 and 1922. 15 cents. 
TECHNICAL BULLETINS 
No. 265T ... Electrical Equipment on Movable Bridges. 
35 cents. 


MISCELLANEOUS PUBLICATIONS 
No. 76MP .. The Results of Physical Tests of Road-Building 
Rock. 25 cents. 


Federal Legislation and Rules and Regulations Relating to 
Highway Construction. 15 cents. 


No. 191 ....Roadside Improvement. 10 cents. 
The Taxation of Motor Vehicles in 1932. 35 cents. 


An Economic and Statistical Analysis of Highway-Construction 
Expenditures. 15 cents. 


Highway Bond Calculations. 10 cents. 


Single copies of the following publications may be obtained 
from the Bureau of Public Roads upon request. They cannot 
be purchased from the Superintendent of Documents. 


SEPARATE REPRINT FROM THE YEARBOOK 


No. 1036Y .. Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 
Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 


UNIFORM VEHICLE CODE 


Act JI.—Uniform Motor Vehicle Administration, Registra- 


tion, Certificate of Title, and Antitheft Act. 


Act II].—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 


Act III.—Uniform Motor Vehicle Civil Liability Act. 
Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 
Act V.—Uniform Act Regulating Traffic on Highways. 


Model Traffic Ordinances. 


A complete list of the publications of the Bureau of Public 
Roads, classified according to subject and including the more 
important articles in Pustic Roaps, may be obtained upon 
request addressed to the U. S. Bureau of Public Roads, Willard 
Building, Washington, D. C. 
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